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CHAPTER 1

INTRODUCTION
1.1 Salisbury Screen
The Salisbury Screen was the first method discovered for reducing the reflection

of radio waves from a surface. It was invented by Winfield Salisbury in 1943. The

patent was delayed nine years due to wartime security and finally published in 1952
[1]. It was one of the first concepts of radar absorbent material known aggregately
today as stealth technology, which is used to prevent the radar detection of aircraft in
particular.

Salisbury Screens work on the same principle as optical antireflection coatings

often used to cover the surface of optical elements such as camera lenses to enhance

light transmission through and prevent light reflection from the surface. The simplest

design of the Salisbury Screen consists of three layers: a metallic backplane, a
dielectric of a precise thickness (typically a quarter of the wavelength of the
absorbing radar wave), and a thin glossy dielectric screen.

When the radar wave hits the front surface of the top dielectric, it splits into two

waves; one wave is reflected from the glossy surface screen, the other passes through
the dielectric layer, reflects from the metal surface, and passes back out of the
1

dielectric into the air. The extra distance of a quarter wavelength the second wave
travels causes it to be 180° out of phase with the first wave. When the second wave

reaches the surface, it combines with the first wave and they cancel each other due to
destructive interference. Thus, no radar wave is reflected back to the receiver.

In the Salisbury Screen, the thickness of the dielectric film is a quarter of the

absorbing wavelength (λ/4). Since the second wave travels the thickness of the

dielectric twice, the extra distance it travels is a half-wavelength (λ/2). Therefore, it

is a half wavelength (180°) out of phase with the first wave. As a result, when the two
waves combine, the maximum of one coincides with the minimum of the other such
that the sum is zero. Radar wavelengths range between 10 cm and 1 mm, thus a

quarter-wavelength thickness of the Salisbury Screen is at most 2.5 cm. One of the

disadvantages of the Salisbury Screen is that it works well only at a single radar
frequency determined by the dielectric film thickness (λ/4). So, to defeat it, the enemy
needs only to change its radar frequency. More complicated multilayer Salisbury

Screen designs can cover a band of frequencies, but multilayer screens are much

thicker. Figure 1.1(a) shows a schematic of a Salisbury Screen, and Figure 1.1(b)
shows a commercially available Salisbury Screen from Ref. [2].
1.2 Light Interference in Thin Films

Similar to Salisbury Screens for radar frequencies, the rainbow-like colors from

petroleum drops on a water surface on a rainy day provide a well-known analogy of

wavelength selective light absorption in the visible range. The effect is shown in
Figure 1.2 [3]. Oil and water do not mix and a thin film of oil stays on top of the water
2

surface, creating a multi-color light interference pattern due to the varying
thicknesses of the oil film.

Figure 1.1 (a) Schematic and (b) commercially available Salisbury Screen [2].

Figure 1.2 Rainbow colors from a petroleum film on water [3].
3

Figure 1.3 is a schematic explaining the source of this light interference. Air, oil,

and water have different refractive indices (n≈1 for air, n≈1.50 for oil, and n≈1.33 for

water). Thus, part of the incident light reflects back from the surface of the oil and

some is transmitted through the oil film to the water with a subsequent change in
angle according to Snell’s law (n1sinθ1 = n2sinθ2). From the light transmitted through
the oil film, some portion will reflect back from the water surface and travel through

the oil film again and finally emerge to the air where the effect of its interference with

the first bit of reflected light can be observed. This process repeats in the oil film, but
the first two consecutive reflections are dominant.

Figure 1.3 Sketch illustrating destructive interference of light in a thin film of oil on
water.

4

The reflections from the top and bottom of the oil film interfere and periods of

constructive and destructive interference (depending on the thickness variations and
wavelengths) can be seen by a viewer. This interference is due to the optical path

difference between these two reflections, which is associated with the thickness of

the oil film and the dependence of the index of refraction on wavelength. For
constructive interference, where the two reflections are added so as to produce an

irradiance (in specific locations) larger than the arithmetic sum of the irradiances, the

electric fields must be substantially in phase. This will be the case if the phase
difference between the two is 0, 2π, 4π, … On the other hand, to obtain a zero (or near
zero) reflection for the case of destructive interference the two fields should be
substantially out of phase (a difference in phase of π, 3π, 5π, …) as illustrated in Figure
1.3.

Two beams of light are coherent when they have a constant phase difference

(which may be zero). Sunlight is generally thought to be incoherent, but that is not
true over small paths. The coherence length of sunlight is about 600 nm [4], which is

much larger than the thickness of films discussed in this dissertation (from 10 nm to

200 nm), therefore in such a thin-film structure even sunlight is coherent.

Air-oil-water film structures create interference patterns with different colors

and soap bubbles can exhibit the same light interference phenomenon. A colorful

soap bubble is shown in Figure 1.4 [5]. A soap bubble comprises an air-soap-air
(symmetric etalon) structure where, depending on the thickness of the soap film (due

to gravity), different colors are exhibited. Similarly, a morpho butterfly displays a
5

beautiful blue color due to light interference in the nanostructure of its wings (see
Figure 1.5).

Figure 1.4 Photograph of a soap bubble showing colorful interference effects [5].

Figure 1.5 A morpho butterfly showing a blue color originating from light
interference in the nanostructures of the wings [6].
6

1.3 Physical Optics Model of a Fabry-Perot Etalon
A single homogeneous and isotropic dielectric layer sandwiched between two

layers of semi-transparent material of a different index of refraction is the simplest
form of a Fabry-Perot cavity. A thin soap bubble as shown above is an example. An

ultrathin semiconductor (such as silicon) or a dielectric layer deposited on a metal
surface (such as aluminum) can create a Fabry-Perot cavity as well. The cavity can

absorb specific wavelengths (or narrow bands) and can reflect others, essentially

replicating the behavior of commercially available interference optical color filters.

Using established nanofabrication technologies, examples of ultrathin Fabry-Perot

cavities for specific colors have been designed, fabricated and tested in the lab as part
of this research. The optical absorption ( A ) in such a cavity with an optically thick

metal substrate having no transmission ( T = 0 ) can be obtained from the optical
reflectivity, R , of the structure in that A = 1 − R . Optical reflectivity is calculated

subsequent to using Maxwell’s equations, deriving expressions for the
electromagnetic waves, and applying boundary conditions at the interfaces of the
layered structure to determine the (generally complex) reflection coefficient r
(where R = r ). The procedure is outlined below.
2

7

Figure 1.6 (a) A thin homogenous layer of dielectric or semiconductor material with
a refractive index of n2 sandwiched between two semi-infinite media with refractive
indices of n1 and n3. Here the directions of the Electric (E) and Magnetic fields (H) are
shown for TE polarization. (b) A comparison of E and H field directions for TE and TM
polarizations.
Referring to Figure 1.6 (a), assume that the incident plane is the x-z plane and

apply Maxwell’s equations in free space:
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 ∂ B
1)∇ × E +
=0
∂t

 ∂ D
2)∇ × H −
=0
∂t

3)∇.D =
0

4)∇.B =
0




where E is the electric field, H is the magnetic field, D is the electric flux density or






displacement ( D = ε 0 E ), and B is the magnetic flux density ( B = µ0 H ).


Taking the curl of E and B :

i
 ∂
=
∇× E
∂x
0

j
k


∧
∂
∂
−∂ 
∂E ∂B
=
E ( z , t=
)i ⇒
∂y
∂z ∂z
∂z
∂t


E ( z, t )

0

i
∂
∂x

j
k


∧

∂
∂
∂ 
∂E ∂B
=
∇× B
=
B( z , t ) j ⇒=
ε 0 µ0
∂y
∂z
∂z
∂t
∂z


B( z, t ) 0 B( z, t )





∂2 E ∂ ∂ B ∂ ∂ B
∂2 E
=
= = ε 0 µ0 2 .
∂z 2 ∂z ∂t ∂t ∂z
∂t
results in:



∂2 E
∂2 E
− ε 0 µ0 2 =
0,
∂z 2
∂t

which is the wave equation for the free-space electric field.

Similarly, the wave equation for the corresponding magnetic field is:
9



∂2 H
∂2 H
− ε 0 µ0 2 =
0
∂z 2
∂t
The standard solution of the electromagnetic wave equation is then:



 E ( z , t ) = E ( z ) e jωt

 
jωt
 H ( z, t ) = H ( z ) e


Referring to Figure 1.6(a), the electric field vector E ( z ) can be written as:

 Ae − jk1 z z + Be jk1 z z


=
E ( z ) Ce − jk2 z z + De jk2 z z
 Fe jk3 z ( z − d )

where:
kiz =

2π ni

λ

cos θi

z<0
0< z<d
z>d

(i = 1, 2,3)

k1z , k2 z , and k3z are the z components of the wavenumbers, and θi is the angle of the

light ray in medium i measured from the z axis. A is the (purely real in this case)

amplitude of the incident light, B is the (complex) amplitude of the reflected light,

and F is the (complex) amplitude of the transmitted wave. The optical reflectivity is
R = r , where r (the reflection coefficient) is the ratio of the amplitude of the
2

reflected light to the amplitude of the incident light, r = B / A [7]

kiz '− jkiz "
For lossy media, such as semiconductors, wavenumbers are complex ( k=
iz

). Thus,

 Ae − j ( k1 z '− jk1 z ") z + Be j ( k1 z '− jk1 z ") z


=
E ( z ) Ce − j ( k2 z '− jk2 z ") z + De j ( k2 z '− jk2 z ") z

Fe j ( k3 z '− jk3 z ")( z − d )


z<0
0< z<d
z>d
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 Ae − k1 z " z Ae − jk1 z ' z + Be k1 z " z Be jk1 z ' z


=
E ( z ) Ce − k2 z " z Ce − jk2 z ' z + De k2 z " z De jk2 z ' z

Fe k3 z "( z − d ) Fe jk3 z '( z − d )


z<0
0< z<d
z>d

The imaginary part of the wavenumber, kiz " , in a lossy medium is proportional to the

imaginary part of the refractive index, n " , of that medium. n " is also related to the
absorption coefficient, a , as in Beer’s law

I = I 0 e − ad

a=

4π n "

λ

where d is the thickness of the absorbing medium, I 0 is the intensity of the incident light
and I is the intensity of the light emerging from the medium. Thus, materials with high
imaginary refractive indices are lossier and absorb more light. It is through the imaginary
part of the index of refraction, n " (and thus kiz " as well) that losses are incorporated into
the models and simulations presented later.


The magnetic field vector H ( z ) can be expressed as:








∂
∂
H
H
H ( z=
, t ) H ( z ) e jωt ⇒ = jω H ( z ) e jωt ⇒ = jω H ( z , t )
∂t
∂t



 ∂ B


 

∂H
j
∇× E +
= 0 ⇒ µ0
= −∇ × E ⇒ µ0 jω H = −∇ × E ⇒ H ( z ) =
∇× E
∂t
∂t
ωµ0


j ∂E
⇒ H ( z) =
ωµ0 ∂z
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 k1z
( Ae − jk1 z z − Be jk1 z z )
z<0

ωµ
0


k
=
H ( z )  2 z (Ce − jk2 z z − De jk2 z z ) 0 < z < d
 ωµ0

k3 z
Fe jk3 z ( z − d )
z>d

ωµ0

The boundary conditions require the tangential components of the electric and

  

magnetic fields, E y , E x , H y , and H x to be continuous at the interfaces z = 0 and z =

d. Using these conditions, it is possible to obtain B, C , D and F in terms of A . Then,
the reflection coefficient of the layered structure is given by r = B / A and the

transmission coefficient is t = F / A .


For the case of TE polarization in particular, boundary conditions require that E y





and H x be continuous at the interfaces z = 0 and z = d , which means E=
E=
E3y
1y
2y






and H
=
H=
H 3 x . This leads to:
1x
2x

A + B = C + D

) k2 z (C − D)
k1z ( A − B=
 − jk2 z d
+ De jk2 z d =
F
Ce
k (Ce − jk2 z d − De jk2 z d ) =
k3 z F
 2z

These four equations can be used to solve for B, C, D, and F in terms of A (which is
presumably known). After a few steps involving algebraic manipulation only, the
result is:

(k1z − k2 z )(k2 z + k3 z ) + (k1z + k2 z )(k2 z − k3 z )e −2 jk2 z d
B=A
(k1z + k2 z )(k2 z + k3 z ) + (k1z − k2 z )(k2 z − k3 z )e −2 jk2 z d

So that:
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r
=

B r12 + r23e −2 jϕ
.
=
A 1 + r12 r23e −2 jϕ

(1.1)

In this equation, r12 and r23 are the Fresnel reflection coefficients of the optical wave

from medium 1 (air) to medium 2 (silicon) and from medium 2 (silicon) to medium 3
(aluminum), respectively. ϕ = k2 z d is the phase delay of the optical wave in the silicon

film of thickness d. For TE polarization incidence, r12 and r23 are

r12 =

k1z − k2 z
,
k1z + k2 z

r23 =

For TM polarization incidence, r12 and r23 are

r12 =

n2 2 k1z − n12 k2 z
,
n2 2 k1z + n12 k2 z

r23 =

k 2 z − k3 z
.
k 2 z + k3 z

n32 k2 z − n2 2 k3 z
.
n32 k2 z + n2 2 k3 z

(1.2)

(1.3)

In the previous two equations, k1z , k2 z , and k3z are the normal components of the wave
vectors inside air, the silicon film, and the aluminum substrate, respectively. They are

calculated as kiz = 2π ni cos θi / λ , where θi is the angle of incidence in medium i , and

ni is the index of refraction of the medium i ( i = 1, 2,3 for air, silicon, and aluminum

respectively). Using boundary conditions for the tangential components of the wave






vectors (i.e., k=
k=
k 3 x ), kiz can also be found in terms of the incident angle θi as
1x
2x

kiz = 2π ni cos θi / λ =

ki 2 − kix 2 =

ki 2 − k1x 2 =

(2π ni / λ ) 2 − (2π n1 sin θ1 / λ ) 2 .

For unpolarized light, the effective optical reflectivity is the averaged optical
reflectivities for TE and TM polarizations.
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1.4 Angular Sensitivity
Assume that the Fabry-Perot cavity is made of a dielectric layer on an optically

thick metallic film. The incident wave vector changes direction as it enters from air to

the dielectric medium. This change of propagation angle can be calculated using
Snell’s law:

n1sinθ1 = n2 sinθ 2

(1.4)

where n1 is the refractive index of air (n1=1), θ1 is the incident angle, n2 is the
refractive index of the dielectric layer, and θ2 is the refraction angle inside the

dielectric film. The angles are measured with respect to the surface normal.
Therefore, the refraction angle θ2 is calculated by

θ 2 = sin −1 (

sinθ1
)
n2

(1.5)

n2 '− jn2 "
Note that θ2 is complex when medium 2 is absorbing (n2 is complex, i.e. n=
2

where n ' is the real part and n " is the imaginary part of refractive index). For such

media (such as semiconductors and thin metal films), the real part of the complex
angle represents the angle of propagation and its imaginary part is related to the light

absorption in the medium. At normal incidence (θ1 = 0), the refracted light does not
change direction and thus θ2 = 0. The objective is to design a structure in which even

for large incident angles (θ1 > 60˚, for example), the refracted light angle (θ2) is still
small.

For a Fabry-Perot cavity to function as an efficient light absorber and color filter,

the goal is to significantly reduce the angle sensitivity. This requires a small refraction
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angle inside the dielectric layer even for large incident angles. To reduce the refracted

angle, an obvious way is to use a semiconductor with a high refractive index instead
of a dielectric material with relatively low refractive index.

For a dielectric with a real refractive index of n2 = 1.5 and an incident angle of 60

degrees, the refracted angle is calculated using Equation (1.5) to be 35.2 degrees.
However, if a semiconductor like silicon with a higher refractive index (nSi = 3.3 at λ

= 600 nm [8]) is used, the refracted angle for 60 degrees incident angle would be only

15 degrees. This example shows that since the refractive index of silicon is twice that

of a dielectric material (with n = 1.5), the refracted angle is half. Therefore, if materials
with higher real refractive index are used, smaller refracted angles should be
expected, resulting in a diminished reflected light angular sensitivity.

To show the dependence of the absorption on the (complex) refractive index of

the semiconductor material, the reflectivity is calculated using Equation (1.1). Figure

1.7 shows the real and imaginary parts of the refractive index of a thin silicon film and

optically thick aluminum film [9]. The calculated reflectivities of two Fabry-Perot
cavities, one comprising a dielectric film with a small refractive index n = 1.5, and the

other including a silicon film with a high refractive index (about 3~4) are shown in

Figure 1.8. To illustrate the dependence of the absorption on incident angle θ for

materials with different refractive indices, the absorptions at θ = 0° and θ= 60° are
calculated for these two cavities. The absorption is calculated using A=1- R where R is

the reflectivity of the structure resulting from Equation (1.1).

15

Figure 1.7 Refractive index of (a) thin silicon film, and (b) thick aluminum film from
Ref. [9]. n’ is the real part and n” is the imaginary part of the refractive index.
As shown in Figure 1.8(a), in a cavity with a low index dielectric (n = 1.5) at the

peak absorption wavelength of 800 nm, 29% of the light is absorbed at normal
incidence ( θ = 0° ) and 26% of the light is absorbed at a large incident angle ( θ= 60°

). This demonstrates that by increasing the incident angle from 0 to 60 degrees, the
light absorption in the structure is decreased by 10%. On the other hand, if a high

index material such as silicon is used, the absorption is less sensitive to a change in
the incident angle. For this case as shown in Figure 1.8(b), at the peak absorption
wavelength of 600 nm, 99.6% of the light is absorbed at normal incidence and for an

incident angle of 60 degrees, 96.4% of the light is absorbed. Increasing the incident
angle from 0 degrees to 60 degrees lowers the absorption by only 3%.
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Figure 1.8 Calculated reflectivity of a Fabry-Perot cavity made of (a) low index
dielectric film (n = 1.5), and (b) high index silicon film (n is shown in Figure 1.7(a)).
These calculations are based on the spectral dependence of the indices of refraction
of Figure 1.7.
In the future, there may be ways in which these filters might be made such that

the angle sensitivity is even further reduced. Perhaps a new form of amorphous

silicon film with a higher refractive index can be used (nSi = 4.2- 0.4j at λ= 620 nm has
been reported [10]). It may also be possible to use a different semiconductor with a

higher real refractive index than silicon. For instance, germanium has higher real
refractive index (nGe = 5.7- 1.4j at λ = 600 nm [11]) than silicon, but it has more loss

due to a larger imaginary refractive index as well. Therefore, it may not be suitable

for generating high contrast colors and perfect light absorption. There are also
compound semiconductors such as Si-Ge with a higher real refractive index than

silicon and a lower imaginary index than germanium (nSi-Ge = 5.3- 0.5j at λ= 600 nm
[12]) that could be a good choice.
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1.5 Band Gap
When dealing with the absorption of light in a semiconductor material, it is

necessary to understand the band gap of the material because this limits its
absorption. The band gap is an energy range in semiconductor materials where no

electron energy states can exist. The band gap is the energy required to promote an
electron bound to an atom in the valence band to move to the conduction band. In the
conduction band, electrons are free to move and serve as charge carriers to conduct

electric current. Materials with large band gaps are insulators and materials with
smaller band gaps are semiconductors. Metals on the other hand have very small

band gaps or none. For example, silicon as a common semiconductor has a band gap

of 1.1 eV [13] and silicon dioxide as a common dielectric has a band gap of 9 eV [14].

The absorption wavelength of light in a material is related to the band gap of the

material by Planck-Einstein relation:

Eg (ev=
) hf=

hc
=

λ

1.24
λ ( µ m)

(1.6)

where h is Planck's constant (6.63 x 10-34 J s), f is the frequency of light, c is the speed
of light (3 × 108 m/s), and λ is the wavelength of light. For silicon with Eg = 1.1 eV, λ is

1.12 µm in the near infrared regime, and for silicon dioxide with Eg = 9 eV, λ is 137 nm

in the deep UV range. Semiconductor materials are transparent at photon energies
below the band gap, and they are opaque at photon energies above the band gap.
Therefore, silicon is transparent (with little absorption) at wavelength above 1.12 µm

and silicon dioxide is transparent (with little absorption) at wavelength above 137
nm. If the light has energy greater than the band gap energy of the material, then light
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can be absorbed in the material and the material becomes opaque. Germanium, as
another common semiconductor, has a band gap of 0.67 eV [13] with corresponding

wavelength of 1.85 µm. Due to band gap (and absorption) limitation, silicon
photodetectors are used for the wavelength range below 1.12 µm and germanium

photodetectors are used for wavelength below 1.85 µm. Typically, semiconductor

photodiodes are used in these ranges: silicon 190 nm - 1.1 µm, germanium 400 nm –
1.7 µm, and indium gallium arsenide 800 nm – 2.6 µm [15].

1.6 Silicon and Phase Change Materials

Silicon is the most common material used in the semiconductor industry.

Conventional electronic processing techniques can change the conductivity of silicon

from insulator to conductor by doping with impurities, making silicon a very useful

element in integrated circuits, etc. One of the most important parameters in assessing
the functionality of silicon in circuits is the electron and hole mobility which is related

to the conductivity. There are three different types of silicon. Crystalline silicon
(typically silicon wafers) is capable of having high mobility due to the symmetric

crystalline arrangement of silicon atoms which allows charge carriers to move

reasonably free of barriers. Polycrystalline silicon (Polysilicon) has small zones of

crystalline silicon but the zones are not aligned with neighboring zones. In
polycrystalline silicon, the mobility is lower than crystalline silicon because charge

carriers are impeded at the zone boundaries. Finally, there is amorphous silicon,
which has a more random structural configuration and lower mobility.
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Polysilicon consists of silicon grains and each grain comprises silicon atoms

arranged in a periodic structure forming a crystal. The distance between two silicon
atoms is 2-3 Angstroms, and the size of grains in polysilicon is from 100 nm to 1 µm

[16]. Therefore, each grain contains millions of atoms of silicon. On the other hand, in
amorphous silicon, typically the silicon atoms are grouped in 4-6 atom configurations,

with no long periodic structure [16]. Because of the disordered nature of amorphous

silicon, some atoms have dangling bonds which results in defects in the structure. In
order to reduce these defects in the material, hydrogen is often added to amorphous

silicon (hydrogenation). Amorphous silicon is a poor conductor; therefore, it is not

used in high speed computers. Hydrogenated amorphous silicon (a-Si:H) and
polysilicon are typically used in thin film transistors and flat panel displays.

Amin et al. [17] introduced a simple and efficient method of changing the phase of

these materials from amorphous to polycrystalline. Thermal annealing was used to

induce crystallization. They investigated the effects of annealing temperature (from
600 °C to 980 °C) on the optical properties of sputtered amorphous silicon. The
annealing temperature was applied to amorphous silicon for 10 minutes in an Argon

ambient environment. By thermal annealing, a significant improvement in reducing

the imaginary part of the refractive index of silicon (by an order of magnitude) was
reported. In this study the effect of thermal annealing on silicon was investigated in

the spectral range from 500 nm to 1.7 µm. At the wavelength of 1 µm, for an example,
the real refractive index (n) of silicon was tuned from 3.95 (as deposited) to 3.52 at

900 °C—a significant change. Also, for the imaginary part of the refractive index (n”)

of silicon at the same wavelength of 1 µm, the magnitude was tuned from 0.022 as
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deposited to 0.003 (for 600°C annealing). This method provides an economical and
efficient way to produce near polycrystalline silicon from sputtered amorphous
silicon and that can be useful in optoelectronic devices.

Raman scattering is an efficient method for determining whether a deposited

silicon film is amorphous or crystalline. In the amorphous phase, loss of lattice

periodicity causes scattering from all vibrational modes, providing a broad spectral
line compared to a sharp line in the crystalline phase [18,19]. Bulk crystalline silicon

has a very sharp Raman line (3.5 cm-1) at 520.5 cm-1 with high amplitude, while

polycrystalline silicon has a slightly wider line with a lower amplitude. In contrast,
amorphous silicon has a very wide Gaussian shape with a bandwidth of 60 cm-1 at a

peak of 480 cm-1 with a largely reduced Raman intensity [19]. Theodorakos et al. [19]
showed that a picosecond laser can be used for localized annealing of amorphous

silicon films to induce nanocrystallization. This is an alternative to plasma enhanced
chemical vapor deposition (PECVD) for fabricating polycrystalline silicon. The

annealed silicon properties were studied as a function of laser pulse duration and its
effect on the structure of the deposited film.

Amorphous semiconductors have higher real and imaginary parts of refractive

indices and lower transparency than polycrystalline films in the visible range, which
is due to the higher density of amorphous films [17,20,21]. Amorphous silicon and

polycrystalline silicon have been extensively investigated for applications such as
thin film transistors integrated on liquid crystal display panels [22]. The use of

polycrystalline silicon instead of conventional amorphous silicon has led to high
resolution liquid crystal displays (LCD) and driver circuits being integrated into the
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panels [22,23]. The main advantage of polycrystalline silicon is that electron and hole

mobilities are two orders of magnitude larger than electron and hole mobilities of

amorphous silicon [22]. Polycrystalline silicon has potential applications in flexible
displays and solar cells.

The ability to tailor the refractive index of materials as desired has revolutionized

the semiconductor and memory device industries [24]. Phase change materials, for

example, can switch between two phases—amorphous and crystalline—in response
to heat. By applying an electric pulse, a phase change material is heated to its glass
transition temperature [25], causing increased mobility of its atoms which results in
rearranging the atoms into a more energetically stable crystalline phase. In order to

switch back to the amorphous phase, the material needs to be heated to its melting
temperature by a greater magnitude electric pulse to liquify and then cooled rapidly

by surrounding contacts to form the amorphous phase [24]. When a phase change
material is in the amorphous state it has a resistance that is 350 times higher than in

the crystalline phase [26]. By switching between the two phases, the physical

properties of these materials such as optical absorption, reflection, and transmission,
and electrical conductance change [26]. Going beyond data storage applications of the

phase change materials, Hosseini et al. [26] showed that these materials also can be
used in display and data visualization applications. Using indium tin oxide (ITO) as a

transparent conductor and germanium antimony tellurium alloy Ge2Sb2Te5 (GST) as

a phase change material, and using a platinum (Pt) metallic substrate, they
demonstrated electrically induced stable color change in their devices. The device

structure consisted of 10 nm ITO/ 7 nm GST/ d nm ITO/ 100 nm Pt, where d varied
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from 50 nm to 180 nm. Depending on the thickness of the ITO (d), the devices showed

different colors. Sputtered GST film is in an amorphous phase and when the devices

are placed on a hotplate for a few minutes at 220 °C, complete crystallization of GST

occurs which results in color change of the device along with a spectral shift in the

optical reflectivity to a shorter wavelength. Also, electrical pulses with a threshold of

2.2 V switched the device from high resistance (~350 MΩ) amorphous to relatively

low resistance (~1 MΩ) crystalline phase. To switch back to the amorphous phase, an
electric pulse of 5 V in amplitude and 100 ns width was applied. This process was

repeatable, and the phase of the GST switched between amorphous and crystalline.

This optoelectronic framework using phase change materials has likely applications
in ultrafast solid-state displays—high resolution nanoscale pixels, smart glasses, and

smart contact lenses.

1.7 Ultrathin Light Absorbers
Nanophotonics is a subfield of optics related to the manipulation and control of

light in subwavelength nanostructures that exhibit unique optical functionalities.

Particularly, plasmonic materials and metamaterials have promising characteristics
in creating spectral absorption, reflection, and transmission filters based on localized

and non-localized optical resonances. These resonances arise through the interaction

between the light and the nanostructure materials. At visible frequencies, designing
plasmonic absorber structures is more challenging due to nanofabrication of
subwavelength structures that are smaller than conventional infrared plasmonic

absorber structures. Designing large area high performance optical filters based on
23

plasmonic structures is limited to nanofabrication costs, fabrication imperfections,
and the optical losses of metals [27]. Thus, realization of large area optical filters and

perfect light absorbers based on planar thin film optical coatings without the need for
plasmonic nanopatterning would be of special interest. This technology has many

applications from decorative arts to optical color filters and ultrathin photodetectors.
Optical coatings, the deposition of thin dielectric and metal films, are a key

component of any optical system, and have been widely used in many applications
such as lenses, eyeglasses, and mirrors [7,28]. Most conventional optical coatings rely
on Fabry–Perot cavities that involve multiple light passes through the cavity medium

to create constructive and destructive light interference depending on the thickness

of the cavity layer. The thickness of the cavity is usually smaller than the wavelength
of the incident light and the optical interference inside the cavity can provide high

reflection, antireflection, and high absorption in optical systems. Generally, the idea
is to use low loss dielectric materials as cavity layers because highly absorbing
materials suppress multiple light propagation inside the cavity. Kats et al. [29]

recently showed that ultrathin (5-20 nm) absorbing germanium films coated on a

gold surface can be used in such a system to create destructive optical interference to
absorb light at selected wavelengths. Depending on the thickness of the germanium

film, from 5 nm to 20 nm, the structure absorbs a maximum of 80% to 95% of the
incident light in a wavelength range from 500 nm to 800 nm, respectively. So, the
structure is not a perfect absorber and 5% to 20% of the incident light will be

reflected back. This absorber structure does have a low sensitivity to the angle of
incidence however, because it is made of germanium (an ultrathin absorber layer
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with a high refractive index). The other advantage of this structure is that it requires
less material than a cavity using lower loss film.

To enhance light absorption in optical interference coatings comprised of

ultrathin absorbing germanium films on gold substrates, Kats et al. [30]

demonstrated a strategy of adding an additional transparent dielectric layer (Al2O3)

on top of the germanium film. The thickness of the germanium film was 13-15 nm,

and the thickness of top alumina layer was 44 nm to achieve complete optical
absorption in the wavelength range from 500 nm to 700 nm. Experimental results

showed that this additional dielectric layer enhances optical absorption and increases
the color contrast. This dielectric layer can also be used to protect the device from
corrosion.

Kats et al. [31] experimentally demonstrated perfect light absorption in a system

consisting of an ultrathin single lossy dielectric layer of vanadium dioxide (VO2) on

sapphire substrates. Sapphire has high transmission of over 90% in the spectral
window from 300 nm to 6 µm. After that, the transmission dramatically drops and for

wavelengths over 8 µm the transmission is zero and sapphire is opaque. Sapphire is
highly reflective in the wavelength range above 11 µm [32] and that is the reason it
was used as a back reflector for creating light interference in the structure. The

subwavelength thickness of the VO2 was 180 nm which is 1/65th of the absorption
wavelength. The sapphire substrate was placed on a temperature-controlled plate

and the optical absorption in the device was measured at different substrate
temperatures from 24 °C to 86 °C. Perfect absorption at the wavelength of 11.6 µm in

the infrared regime was achieved at 70 °C substrate temperature. The experiment
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shows the tunability of optical absorption in the system through varying the substrate
temperature. VO2 is a phase change material controlled by temperature which causes

a transition in behavior from insulator to metal. In the range from 24 °C to 86 °C, the

absorption in the structure can be tuned from 20% to 99.75% which is promising for

modulators, bolometers and tunable thermal emitters (thermal emission is closely
related to absorption via the Kirchhoff law [33,34]).

Cleary et al. [35] showed that near perfect light absorption of 96% can be achieved

in a structure with highly doped silicon on a sapphire substrate. The silicon film had

a thickness of 600 nm and was n type doped with a concentration of 2×1019 cm-3. In

this configuration, the peak absorption occurs in the infrared range at a wavelength
of 12.1 µm. More generally, the peak absorption can be tuned to a specific wavelength

in the range from 11.6 µm to 15.1 µm by utilizing silicon film thicknesses from 600
nm to 1 µm. Also, the peak absorption wavelength can be tailored by using different

silicon doping from 1×1019 cm-3 to 2.4×1019 cm-3, due to the dependence of the optical

constants (n’ and n”) of n-type silicon on the doping concentration. These results also
apply to p-type silicon.

Highly doped silicon can be used as a highly reflective material in the infrared

regime [36,37,38] similar to that of sapphire discussed earlier. Highly doped silicon
has a metal-like behavior in the infrared. Therefore, it has potential for use as a

reflective substrate (with a dielectric thin film) to create light interference inside the

film. Streyer et al. [38] demonstrated strong (A > 90%) to perfect light absorption in
the infrared regime using a two-layer structure consisting of a thin germanium film

on a heavily doped silicon substrate. The thickness of the germanium film varied from
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82 nm to 577 nm with a corresponding absorption wavelength band from 4.6 µm to
12.5 µm. The absorption was largely polarization independent and also angle

invariant. Selective thermal emission was observed from the structure upon heating

on a hot plate at 190 °C. Thermal emission was measured using a thermal imaging
camera.

Li et al. [27] have recently fabricated large-area near perfect light absorbers and

transmission optical filters. The filters were based on asymmetric metal-insulator-

metal (MIM) Fabry-Perot cavities made of Ag-SiO2-Ag. The SiO2 cavity layer had

thicknesses ranging from 90 nm to 175 nm. The top Ag layer was 30 nm and the

bottom Ag layer was 100 nm (optically thick) with no transmission. Strong
absorption was achieved in the wavelength range from 430 nm to 670 nm

corresponding to SiO2 layer thicknesses from 90 nm to 175 nm, respectively. The

absorption spectrum was narrowband (~17 nm) with a near perfect maximum
absorption of 97%. Li et al. also investigated transmission filters using the same
absorber MIM structure made of Ag-SiO2-Ag, but the thickness of the bottom Ag layer

was reduced to 30 nm to allow light propagation through the sapphire structure. The

thickness of the top Ag layer was also 30 nm. The thickness of the SiO2 cavity layer
varied from 100 nm to 200 nm and a transmission peak was observed from 460 nm

to 730 nm, corresponding the SiO2 layer thickness. The devices exhibited different

transmission colors depending on the SiO2 thickness and transmission wavelength.
By increasing the cavity layer thickness, the absorption/transmission wavelength
shifted to longer wavelengths. The transmission peak intensity was 60% with a

narrow band of ~40 nm. Since the cavity layer was a low loss dielectric material, the
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transmission peak and the color of the device was angle dependent. However, this
study showed a better performance than the widely studied plasmonic color filters

made of nanohole arrays. This structure should find applications in spectrally
selective absorption/transmission filters, optoelectronics devices, light emitting
devices, and narrow band photodetectors.
1.8 Epsilon Near Zero Materials

Epsilon near zero materials (ENZ) are semiconductors whose real permittivity

value slowly changes sign from positive to negative with wavelength. These materials,
such as indium tin oxide (ITO) and n-type doped indium antimonide (n-InSb), are

already widely used in the semiconductor industry. ITO, for example, is often used as
a transparent conductive layer in display applications. ENZ materials have also
received considerable attention as potential electro-optical devices. Researchers
have demonstrated narrow band [44,39] and broad band [40] directional perfect

light absorption in nanocavity devices made of ENZ materials for transverse magnetic
(TM) incident light polarization. Naik et al. [41] and Patsalas et al. [42] have recently

reported that ENZ materials can be used as an alternative to plasmonic materials
beyond gold and silver. Naik et al. show that the real and imaginary indices of heavily

doped GaN (gallium nitride) can be controlled with doping concentrations. For
example, with doping concentrations of 1019 cm-3, 1020 cm-3, and 4×1020 cm-3, the

resulting ENZ absorption wavelengths of GaN are 10 µm, 4 µm, and 2 µm [41]. ENZ
materials such as TiN (titanium nitride), ZrN (zirconium nitride), HfN (hafnium

nitride), and TaN (tantalum nitride) with a thickness of 100 nm are opaque and look
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like gold. These ENZ materials have ENZ absorption wavelengths around 500 nm
[41].

Naik et al. [43] also have reported oxides (such as ITO) and nitrides (such as TiN)

as alternative plasmonic materials at optical frequencies. New plasmonic materials

such as ENZ materials offer many advantages such as low intrinsic loss, compatibility
with nanofabrication technologies, and semiconductor-based design and tunability in
the field of plasmonics and metamaterials [43]. Transparent conducting oxides such

as indium tin oxide (ITO) and gallium-doped zinc oxide (GZO) can lead to high

performance metamaterials devices in the near infrared, whereas transition metal
nitrides such as TiN and ZrN can be used as alternatives for metals in the visible [43].

One of the challenges in the field of plasmonics and metamaterials is the high intrinsic
loss in the device’s metallic components. New plasmonic materials overcome this
challenge and may lead to high performance devices. Metals such as silver and gold
have very large negative real permittivities in the visible and near infrared regions,

which is a major hurdle in designing efficient devices. On the other hand, ENZ

materials have moderate negative real permittivities in these regions. ENZ materials
as new plasmonic materials have two major advantages over metals: first, they have

tunable optical properties, and second, they are compatible with standard
nanofabrication technologies [43]. The ENZ absorption wavelength also depends on
the thickness of the ENZ film. For example, a 40 nm thick layer of GZO has an ENZ

absorption wavelength of 1.4 µm and a 300 nm thick film has an ENZ absorption

wavelength of 1.6 µm [43].
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Luk et al. [44] have experimentally demonstrated directional (at a specific

incident angle) perfect light absorption for TM polarized light in the near infrared

regime using unpatterned ultrathin indium tin oxide (ITO) deposited on a silver (Ag)

surface. ITO is an ENZ material where its real electric permittivity (epsilon) changes

sign from positive to negative at the ENZ absorption wavelength. The ENZ wavelength

of ITO is 1.38 microns and perfect absorption in ITO on Ag surface occurs slightly

below the ENZ wavelength of ITO. The subwavelength (24 nm) thickness required for

an ITO film is 1/50th of the absorption wavelength at 1.15 µm. Perfect light absorption
in the structure with a 24 nm thick ITO film on an Ag surface is achieved at an incident

angle θ= 76° . By increasing the ITO thickness, the incident angle at which perfect

absorption occurs will decrease. For a 137 nm thick ITO film on an Ag surface, perfect

absorption occurs at θ= 38° . This technology expands the list of materials that can

be used for ultrathin perfect light absorbers. However, this kind of perfect absorber

only works for TM polarized light incident at a specific angle.

In this dissertation, methods of perfect light absorption in Salisbury Screens,

commonly called Fabry-Perot cavities in the optics community, are investigated in the
visible and near infrared range. At these wavelengths the thickness of the cavity is in

the range of nanometers which is much thinner than the thickness of common

Salisbury Screens (a few centimeters) for radar frequency applications. The
traditional Salisbury Screen is used to absorb electromagnetic waves in the radar

frequency range, but in this dissertation the absorbers fabricated and those proposed

for fabrication in the future have absorption wavelengths in the visible and near
infrared regions.
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CHAPTER 2

SILICON COLORS: SPECTRALLY SELECTIVE PERFECT LIGHT
ABSORPTION IN SINGLE LAYER SILICON FILMS ON

ALUMINUM SURFACE AND ITS THERMAL TUNABILITY8
In this Chapter, using two of the most abundant materials in nature, silicon and

aluminum, spectrally selective perfect light absorption in single layer silicon films on

aluminum surface is demonstrated. Perfect light absorption is achieved via the critical
coupling of the incident optical wave to the first order resonance mode of the optical

cavity made of a thin silicon film on an aluminum surface. Spectrally selective perfect
light absorption results in different optical colors corresponding to different
thicknesses of silicon films. The device colors do not change when viewing from large

angles with respect to the surface normal. The perfect absorption wavelength can be
tuned over a wide wavelength range of 70 nm by thermal annealing. This new

technology, which is low cost and compatible with silicon technology platforms, paves
the way for many applications such as optical color filters and wavelength selective
photodetectors.
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2.1 Preface
Spectrally selective light absorption in thin semiconductor films can be used for

optical color filters and photodetectors. Recently, spectrally selective light absorption

in ultrathin germanium films on a gold surface was reported in the visible range of
spectrum [29]. However, the absorption in the ultrathin germanium films on metal

surface is not complete. For perfect absorption, a strategy of adding a thin dielectric
layer on top of the semiconductor films was reported [30,45]. More complicated

perfect light absorption nanostructures have also been investigated in the visible

[44,46,47,48]. In the infrared range, spectrally selective perfect light absorption has

been investigated in thin film structures such as vanadium dioxide films on sapphire
[31], doped silicon films on sapphire [35], and germanium films on heavily doped

silicon substrates [37,38]. The strong light absorption in ultrathin semiconductor

films is caused by the zeroth order optical resonance mode and the large phase delays
at the two boundaries of the semiconductor thin films.

In the past decade, silicon has been a material extensively investigated for

photonics applications [49,50]. Silicon is one of the most abundant materials on Earth

and it has relatively low cost compared with other semiconductor materials [51].
Silicon on aluminum is chosen here to realize spectrally selective perfect light

absorption and create optical color filters. The silicon-on-aluminum perfect light
absorber consists of a silicon thin film deposited on a thick aluminum film surface. By
increasing the thickness of the silicon film, multiple optical resonance modes can be

supported. Complete light absorption occurs when the critical coupling condition

occurs for the first order optical resonance mode of the thin film optical cavity.
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Spectrally selective perfect light absorption in the devices results in vivid optical
colors under ambient light illumination. With thermal annealing, optical constants of
sputtered silicon films are changed, which results in the color changes observed in
the perfect light absorbers.

2.2 Silicon on Aluminum Perfect Light Absorber Structure
Figure 2.1 illustrates the thin film perfect light absorber device structure that

consists of a single layer silicon film of thickness d on a thick aluminum film surface.

The aluminum film is thick enough to block light transmission. The structure is an

asymmetric Fabry-Perot (FP) optical cavity, also called a Gires-Tournois cavity [52].

Here, silicon is chosen because silicon is a low-cost material and has been widely used

in the electronics industry for several decades. More importantly, silicon has the
smallest imaginary part of refractive index in the visible range among all commonly

used high index semiconductor materials. Figure 2.2 shows the real part (n’) and

imaginary part (n”) of refractive index of several of the most common semiconductor

materials [53,54]. It can be seen that crystalline and polycrystalline silicon materials

have the smallest imaginary part of the refractive index compared to other

semiconductor materials in the visible range. This property makes silicon the best

choice of materials for making optical interference devices such as optical filters in
the visible and near infrared spectral range.

In this work, aluminum is chosen as the substrate metal layer material underneath

the silicon films because aluminum has excellent metallic optical properties in the
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short wavelength range of the visible spectrum. Also, aluminum has relatively low
cost compared to other metals such as gold or silver.

Figure 2.1 Schematic of the silicon on aluminum thin film perfect light absorber
structure.

Figure 2.2 Optical constants of several most common semiconductor materials. (a)
Real part (n’) and (b) imaginary part (n”) of refractive indices [53,54].
Optical reflectance from a single layer silicon film on an aluminum metal surface

structure shown in Figure 2.1 can be calculated using optical wave interference
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theory. The optical reflectance is R = r , where r is the reflection coefficient given
2

by [7]

r=

r12 + r23e −2 jϕ
.
1 + r12 r23e −2 jϕ

(2.1)

In Equation (2.1), r12 and r23 are Fresnel reflection coefficients of the optical wave from
medium 1 (air) to medium 2 (silicon) and from medium 2 (silicon) to medium 3

(aluminum), respectively. ϕ = k2 y d is the phase delay of the optical wave in the silicon

film of thickness d. For TE polarization incidence, r12 and r23 are
r12 =

k1 y − k2 y

k1 y + k2 y

r23 =

,

For TM polarization incidence, r12 and r23 are

r12 =

n2 2 k1 y − n12 k2 y

n2 2 k1 y + n12 k2 y

,

r23 =

k 2 y − k3 y

k 2 y + k3 y

(2.2)

.

n32 k2 y − n2 2 k3 y
n32 k2 y + n2 2 k3 y

.

(2.3)

In Equations (2.2) and (2.3), k1 y , k2 y , k3 y are the amplitudes of the normal

components of the wave vectors inside the air, silicon film, and the aluminum
substrate respectively. The amplitude of the normal components of the wave vectors

=
kiy k0 ni2 − n12 sin 2 (θ ) , where θ is the angle of incidence in the
can be calculated as
air, ni is the index of refraction of the medium i ( i = 1, 2,3 for air, silicon, and

aluminum respectively), k0 is the free space propagation constant. For unpolarized

light, the optical reflectance is the averaged optical reflectance of TE and TM
polarizations.
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2.3 Experimental and Simulation Results
In fabricating silicon film perfect light absorbers, a 300 nm thick aluminum layer

is first deposited on a 4-inch Pyrex glass wafer using a Denton Discovery 18 sputterer

at the Nano and Micro Devices Center (NMDC) at The University of Alabama in
Huntsville (UAH), as shown in Figure 2.3. The Argon plasma pressure was 5 mTorr
and the DC power was 200 watts during sputtering. It took 1880 seconds to deposit

a 300 nm aluminum film. After the aluminum film was deposited, the wafer was diced

into 20 pieces with 0.5 by 0.5 inch for each piece. Then, silicon films with thickness

varying from 10 nm to 200 nm were sputtered on each piece in 10 nm increments.

The Argon plasma pressure was 5 mTorr and the RF power was 200 watt during the

sputtering. The pre-sputtering time was 180 seconds for stabilizing the deposition
rate. The deposition rate of silicon was 0.083 nm per second. Silicon films of different

thicknesses were obtained by varying the sputtering time. Silicon and aluminum film
thicknesses were measured using a surface profilometer (KLA-Tencor P10).
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Figure 2.3 A researcher working with the sputtering system for thin-film deposition
in the NMDC cleanroom at UAH.
Figure 2.4(a) shows photographs of the fabricated devices taken under

fluorescent ambient light illumination. The thicknesses of silicon thin films are

indicated next to each device. It can be seen that these devices have different colors

corresponding to different silicon film thicknesses. Yellow is seen for a silicon film

thickness of 20 nm and is seen again for a thickness of 80 nm. As the thickness of
silicon film increases from 20 nm to 40 nm, the color of the device changes from

yellow to red, and then to grey. As the thickness of the silicon film increases from 80
nm to 120 nm, the color changes from yellow to purple, and to blue. By slightly
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increasing the silicon film thickness to 130 nm, the color of the device changes from
blue to green.

It has been reported that thermal annealing can change sputtered silicon films

from the amorphous phase to the polycrystalline phase and therefore change the

optical properties [17]. The phase from amorphous silicon phase to polycrystalline

silicon phase significantly reduces the imaginary part of the refractive index of silicon
films. To examine the effect of thermal annealing, all samples were thermally
annealed in a furnace (Thermolyne 48000) with a starting temperature of 25 °C, a

ramp rate of 30 °C per minute, and an annealing temperature of 600 °C for 10 minutes

in an Argon environment. Figure 2.4(b) shows photographs of the devices after

thermal annealing. The colors of the devices have changed because of the thermal
annealing.

Optical reflectance spectra of the fabricated devices were measured with an

optical spectrometer (StellarNet C-SR-50) and an unpolarized broadband halogen

light source as shown in Figure 2.5. The angle of incidence of the light is 10° from the

surface normal. The optical reflectance is obtained by normalizing the reflection from

the device to the reflection from a glass wafer and then multiplying by the optical
reflectance of the glass wafer. The optical reflectance from the glass wafer is 7% due
to the reflection from the top and bottom two surfaces.
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Figure 2.4 Photographs of the silicon thin films on aluminum surface (a) before
thermal annealing and (b) after thermal annealing. Silicon film thickness increases
from 10 nm to 200 nm with 10 nm increment as indicated beside each device. Devices
with silicon film thickness between 110 nm and 140 nm can completely absorb light
in wavelength range of 500 nm-700 nm. After thermal annealing, the peak absorption
wavelengths shifted to shorter wavelengths and the colors of the devices changed
accordingly.
39

Figure 2.5 An optical bench setup for measuring the optical reflectivity of the
fabricated device.
Figures 2.6(a)-(d) show the measured optical reflectance spectra from the devices

having silicon film thicknesses from 10 nm to 200 nm in 10 nm increments before

thermal annealing. In the range of silicon film thickness from 20 nm to 80 nm, only
one optical resonance mode is seen in the visible spectral range in Figures 2.6(a) and

(b). This is the zeroth order Fabry-Perot optical resonance mode in the thin film
optical cavity. As the thickness of the silicon film increases to 90 nm and above,

another optical resonance mode appears in the visible spectral range. This resonance
mode is the first order Fabry-Perot optical resonance mode. This first order optical
resonance mode results in perfect absorption in devices with silicon film thickness
from 110 nm to 140 nm as shown in Figure 2.6(c).
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The zeroth order optical resonance occurs in devices with silicon film thickness

from 20 nm to 80 nm. At the zeroth order optical resonance mode, light absorption in

the device is not complete as shown in Figures 2.6(a) and (b), because the thickness
of the silicon films is too small, such that the absorption in the optical cavities is less
than the coupling loss from the air to the cavity. This explains why strong optical light

absorption occurs in the ultrathin germanium films on gold surface, and why the
absorption is not complete [29]. As the thickness of the silicon film increases, the thin
film optical cavity supports multiple optical resonance modes. Among these multiple

resonance modes, one can meet the critical coupling condition such that the optical
power coupled from air to the device equals the optical loss per resonance cycle in
the optical cavity [55,56]. The first order resonance mode of the thin film optical

cavity can meet the critical coupling condition because of the increased silicon film

thickness. The first order optical resonance mode appears in the visible spectral
range when the silicon film thickness increases to 90 nm and above. At the first order

optical resonance mode for silicon film thickness from 110 nm to 140 nm, the critical
coupling condition can be met and perfect light absorption occurs in the wavelength
range of 552 nm -700 nm as shown in Figure 2.6(c). The peak absorption wavelengths

are 552 nm, 605 nm, 657 nm and 700 nm for silicon films with thickness of 110 nm,

120 nm, 130 nm, and 140 nm. In this range, the optical absorption of all devices is

more than 99% of their first order optical resonance wavelength values. By increasing
the silicon thickness, the peak absorption wavelength shifts to a longer wavelength.
The second order optical resonance mode starts to appear in the visible spectral
range as the silicon thickness reaches 150 nm and above as shown in Figure 2.6(d).
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However, the second order optical resonance mode cannot cause complete light

absorption in the thin film optical cavity because the coupling loss is less than the
absorption loss per resonance cycle in the optical cavity.

Figures 2.6(e)-(g) show the measured optical reflectance spectra after thermal

annealing. For silicon film thicknesses of 110-140 nm, critical coupling of the incident

light into the silicon film results in complete light absorption within the wavelength
range from 500 nm to 625 nm as shown in Figure 2.6(g). For silicon film thicknesses
of 110 nm, 120 nm, 130 nm and 140 nm, the absorption peak wavelengths are at 500

nm, 531 nm, 587 nm and 625 nm respectively. In this thickness range, the optical
absorption in the annealed devices is more than 98%.

By comparing the measured optical reflectance before thermal annealing, shown

in Figures 2.6(a)-(d), and after thermal annealing, shown in Figures 2.6(e)-(h), it can

be seen that the peak absorption wavelengths have blue-shifted. For example, the
peak absorption wavelength has blue shifts of 52 nm, 74 nm, 70 nm, and 75 nm for

devices with silicon thickness of 110 nm, 120 nm, 130 nm, and 140 nm, respectively.
The absorption wavelength shift causes the change in color as seen in Figures 2.4(a)
and (b).
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Figure 2.6 Measured reflectance spectra of fabricated devices: (a-d) before thermal
annealing and (e-h) after thermal annealing. Perfect light absorption was achieved in
110-140 nm-thick silicon films within the spectral range of 552 nm-700 nm (c) before
thermal annealing and (g) shifted to the spectral range of 500 nm-635 nm after the
thermal annealing.
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Optical reflectance versus wavelength and silicon film thickness can be displayed

in 2D plots with measurement data. The 2D plot of optical reflectance before thermal

annealing is shown in Figure 2.7(a) and the 2D plot of optical reflectance after thermal
annealing is shown in Figure 2.7(b). It can be seen that three optical resonance modes
exist in the visible range as the silicon film thickness increases to 120 nm. Clearly,

only the first order optical resonance mode results in perfect light absorption because
only in this mode can the critical coupling condition be met. For the zeroth order

resonance mode, the absorption loss is less than the coupling loss into the optical
cavity. For the second order resonance mode, the absorption loss is larger than the
coupling loss into the optical cavity.

During thermal annealing, peak absorption wavelengths have shifted to shorter

wavelengths due to the change of the refractive index of the silicon films. The peak
absorption wavelength is fit as a linear function of the thickness of silicon film in
Figure 2.7. Before annealing, the peak absorption wavelength of the zeroth order

optical resonance mode was λ0 = 15d + 100 (nm) for silicon films of thickness d from

20 nm to 80 nm. The peak absorption wavelength of the first optical resonance mode
is λ1 = 4.2d + 106 (nm) for thicknesses from 90 nm to 200 nm. The peak absorption
wavelength for the second optical resonance mode is λ2 = 2.5d + 100 (nm) for

thicknesses d from 160 nm to 200 nm. After thermal annealing as shown in Figure
2.7(b), the peak absorption wavelength of the zeroth order resonance mode is λ0 =

10d + 100 (nm) for thicknesses d from 30 nm to 90 nm. The peak absorption
wavelength for the first order resonance mode is λ1 = 4.1d + 31 (nm) for d from 100
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nm to 200 nm. Finally, the peak absorption wavelength of the second order optical
resonance mode is λ2 = 2.5d + 50 (nm) for d from 160 nm to 200 nm.

The optical reflectance versus wavelength is calculated using optical wave

interference theory and a finite-difference time-domain (FDTD) simulation,

respectively. Measured optical constants of sputtered silicon films before and after
thermal annealing were used for the calculations. The FDTD simulation results agree

well with the results calculated using optical wave interference theory. This indicates
that classical optical wave interference theory is still valid for nanometer scale
ultrathin films. Figure 2.7(c) and (d) show the optical reflectance spectra calculated

using Equation (2.1) before and after thermal annealing for silicon films of different

thicknesses. The results are in good agreement with measured results before thermal
annealing shown in Figure 2.7(a) and after thermal annealing shown in Figure 2.7(b).

The peak optical absorption wavelengths of the zeroth order optical resonance mode
shown in Figure 2.7(c) for amorphous silicon film devices are then fit as a linear

function of the thickness of the silicon film. The fit equation is λ0 = 13.3d + 133 (nm),

where both wavelength and silicon film thickness d have units of nanometers (nm)
and the range of d is from 20 nm to 80 nm for fitting the zeroth order resonance mode.

The fit linear function of the peak absorption wavelengths of the first order resonance
mode is λ1 = 4.4d + 70 (nm) where the range of d is from 90 nm to 200 nm. The fit

linear function of the peak absorption wavelengths for the second order optical
resonance mode is λ2 = 2.7d + 26 (nm) where d is from 160 nm to 200 nm. Calculated

results of the absorption in annealed silicon film devices of different film thicknesses
are shown in Figure 2.7(d). The peak absorption wavelengths of polycrystalline
45

silicon films on aluminum optical cavities was also fit as linear functions of the silicon

film thickness. It is found that the peak absorption wavelength of the zeroth optical

resonance mode is λ0 = 12d + 40 (nm) for d from 20 nm to 80 nm. The fit function of
the peak absorption wavelengths of the first order optical resonance mode is λ1 = 4.3d
+ 15 (nm) for d from 100 nm to 200 nm. The silicon film thickness is about 1/5 of the
peak absorption wavelength. The fit function for the second optical resonance mode
is λ2 = 2.2d + 70 (nm) for d from 160 nm to 200 nm.

The percentage of light absorbed in silicon films and in aluminum at the peak

absorption wavelengths of three optical resonance modes was also calculated. The

absorption in silicon film was calculated using the reflectivity from the device and the

transmission across the silicon/aluminum boundary. The optical absorption is
calculated for three devices at three optical resonance wavelengths: 50 nm

amorphous silicon film device at the zeroth order optical resonance wavelength, 130

nm amorphous silicon film device at the first order optical resonance wavelength, and

190 nm amorphous silicon film device at the second order optical resonance

wavelength. At the zeroth order optical resonance mode of the 50 nm thick silicon

device at its peak absorption wavelength of 810 nm, 62% of the energy is absorbed
in the silicon film and 19% is absorbed in the aluminum substrate. The total
absorption is 81%. For the first optical resonance mode of the 130 nm thick silicon

film device at the peak absorption wavelength of 657 nm, 88% of the light is absorbed
in the silicon film and 12% is absorbed in the aluminum. The total absorption in the
device is 100%. For the second order optical resonance mode of the190 nm-thick
silicon film device at the peak absorption wavelength of 570 nm, 85% of the light is
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absorbed in the silicon film and 4% is absorbed in the aluminum. The total absorption
light in this case is 89%. Also, it is found that as the silicon film thickness increases,
light absorption in aluminum decreases.

Figure 2.7 2D plots of the measured optical reflectance versus wavelength and silicon
film thickness (a) before thermal annealing and (b) after thermal annealing. 2D plots
of calculated optical reflectance versus wavelength and silicon film thickness for (c)
amorphous silicon film devices and for (d) polycrystalline silicon film devices. White
dash lines indicate the fitted peak absorption wavelength versus silicon film thickness
for three optical resonance modes.

47

2.4 Angular Dependence of Perfect Light Absorption
To investigate the angular dependence of the silicon-on-aluminum perfect light

absorbers, the devices were mounted on a rotational stage. The incident light was
unpolarized light from a halogen light source. The optical spectrometer was verified

to be insensitive to the polarization state of light. Four perfect light absorber devices

made of 110 nm, 120 nm, 130 nm and 140 nm-thick sputtered amorphous silicon
films on aluminum surface were measured in this experiment. Optical reflectance
spectra were measured at different angles of incidence from 10° to 70° with 10°

increments. The results are plotted and shown in Figures 2.8(a)-(d).

Figure 2.8 Optical reflectance spectra measured at different angles of incidence from
10° to 70°. Reflectance measured from the perfect absorber devices with silicon
thickness of (a) 110 nm, (b) 120 nm, (c) 130 nm, and (d) 140 nm.
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It can be seen that by increasing the angle of incidence, the optical reflectance

increases, the peak absorption wavelengths shift slightly to shorter wavelengths, but
the reflection peak wavelength does not shift as the incident angle increases to 60°.
Therefore, the colors of the devices remain unchanged when they are viewed from

different angles. The angular insensitivity observed for the perfect light absorber

devices is similar to what was reported for ultrathin germanium film light absorbers

[29], where light absorption was caused by the zeroth order optical resonance mode.
2.5 Summary

Perfect light absorption has been experimentally demonstrated in sputtered

single layer silicon thin films on an aluminum surface. The perfect light absorption is
wavelength selective in the visible spectral range. By increasing the silicon thickness
from 10 nm to 200 nm, fabricated devices exhibit different colors. Perfect light

absorption occurs when the silicon film thickness falls in the range from 110 nm to

140 nm. Within this range, the incident light can be critically coupled into the first
order optical resonance mode of the thin film optical cavity. The effect of thermal

annealing on fabricated devices was also investigated. By thermal annealing,

sputtered amorphous silicon films change phase to polycrystalline silicon films. The
associated change of optical properties of sputtered silicon films causes a shift of the

absorption wavelength to a shorter wavelength and causes a corresponding color

change. A tunable range of peak absorption wavelength of 70 nm was measured for

these perfect light absorbers. In addition, angular dependence measurements were
carried out for the perfect light absorbers. Measurement results show that the peak
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optical reflectance wavelength in the blue side of the perfect absorption wavelength
is insensitive to the change of incident angle up to 60° and the peak absorption

wavelength has a very small blue shift as the angle of incidence increases up to 60°.

The colors of the fabricated devices do not change when they are viewed with a large

angular range from the surface normal up to 70°. The demonstrated spectrally

selective perfect light absorber technology paves the way for many practical

applications such as low cost optical color filters, enhanced photodetectors, solar
cells, and colorimetric biochemical sensors.
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CHAPTER 3

ZEROTH ORDER FABRY-PEROT RESONANCE ENABLED

ULTRA-THIN PERFECT LIGHT ABSORBER; PERCOLATION
ALUMINUM AND SILICON NANOFILMS9

In this chapter perfect light absorption in Fabry-Perot nanocavities made of ultra-

thin aluminum and silicon films coated on an aluminum surface is demonstrated. The
total layer thickness of aluminum and silicon films is one order of magnitude less than

the perfect absorption wavelength in the visible spectral range. The ratio of the silicon
cavity layer thickness over the absorption wavelength band decreases as the
wavelength decreases due to the increased penetration of light into the aluminum

metal surface at shorter wavelengths. It is explained that the perfect light absorption
is due to critical coupling of incident optical wave to the zeroth-order Fabry-Perot

resonance mode formed in the thin film structure. Simulations were performed, and
the results agree well with measurements.
3.1 Preface

Enhanced light absorption in nanostructure materials is significant for many

applications such as solar energy harvesting, nonlinear optics, and biochemical
sensing [57,58,59]. In the past decade, perfect light absorption in patterned metal
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film structures [60,61,62,63,64,65] and un-patterned metal-dielectric films

[8,26,27,29,30,35,38,45,66,67,68,69,70,71,72,73,74]

has

been

extensively

investigated. Among these perfect light absorption structures, patterned metal

structures require complicated nano-and micro-fabrication processes, whereas un-

patterned metal-dielectric thin film structures involve only thin film deposition,

which intrinsically has a low manufacturing cost. Recently, perfect light absorption in
single layer silicon (Si) films deposited on aluminum surface has been demonstrated

[8]. The silicon film in the single layer silicon on aluminum is about 1/5 of the perfect
absorption wavelength. In this work, a significant reduction in overall layer thickness
(by adding an ultra-thin percolation Al film on top of the silicon film) is demonstrated.

The percolation thickness of Al is a critical thickness where the deposited Al film
transforms from having dielectric properties to metallic properties [75,76]. Although

metal-dielectric film cavity resonance perfect light absorbers have been previously

investigated [27,68,69,70], here it is shown that by using the silicon film as the cavity

medium, the cavity thickness can be significantly reduced relative to the resonance
absorption wavelength. The cavity layer thickness can be reduced to about 1/18 of

the perfect absorption wavelength, which is significant when compared to previously
reported work using low index materials having a cavity layer thickness about 1/6 of
the peak absorption wavelength [27,68,69,70]. In other recent work [72], silicon was
used as a high index cavity medium to reduce the cavity layer thickness; however,

perfect light absorption was not achieved. Here, perfect light absorption in deep
subwavelength silicon nanocavities is demonstrated. Additionally, it is found that the

cavity layer thickness relative to the absorption wavelength decreases as the cavity
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layer thickness decreases due to the decreased penetration of visible light into the

aluminum metal (which has a shallower skin depth at shorter wavelengths). Optical
wave phase analysis reveals that perfect light absorption occurs at the zeroth-order
asymmetric Fabry-Perot resonance mode where the round-trip phase delay is zero.
3.2 Fabrication and Measurement of Ultra-Thin Perfect Light Absorbers

Figure 3.1(a) provides a schematic of the metal-dielectric film optical nanocavity

structure. In the structure, a thin silicon (Si) layer is sandwiched between an ultrathin aluminum layer on top and a thick aluminum film on bottom. The thick aluminum

film is on a glass substrate. The thick aluminum film is thick enough to prevent light
penetration to the substrate. This structure, as mentioned earlier, is known as the

Salisbury screen structure [77], in which (depending on the Al and Si thicknesses)
wavelength selective perfect light absorption can occur.

To fabricate the device, a thick aluminum film was first deposited on a Pyrex glass

wafer using a Denton sputterer with 200 W DC power, 5 mTorr argon plasma

pressure, 120 seconds pre-deposition conditioning time, and a deposition time of 625
seconds. The deposition rate of Al film was 0.16 nm per second, calibrated using a

surface profilometer (KLA-Tencor P-10). After deposition of the aluminum layer (100
nm), the sample was diced into four pieces. The diced pieces were used as substrates

for subsequent deposition of Si films of 30, 40, 50, and 60 nm thickness. For Si film
depositions the Denton sputterer was set with RF power of 200 W, 5 mTorr argon

plasma pressure, and a pre-deposition conditioning time of 180 seconds was used.

The deposition time of silicon was from 300 to 600 seconds with increments of 100
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seconds for different thicknesses. The deposition rate of Si, calibrated with a surface
profilometer, was 0.1 nm per second. The 40-nm-thick Si sample was further cut into

six pieces for subsequent depositions of ultra-thin Al layers on the top of the silicon
film. The thickness of the top Al layer varied from 5 to 10 nm with a 1 nm increment.

After deposition of ultra-thin aluminum layers with different thicknesses, optical
reflectivity from these devices was measured using a broadband halogen light source
and an optical spectrometer (StellarNet C-SR-50).

Figure 3.1(b) shows the measured optical reflectivity spectra from six devices

with different top Al layer thicknesses but a fixed silicon cavity layer thickness of 40

nm. It can be seen that the optical reflectivity minimum first decreases when

increasing the top Al layer thickness from 5 nm and reaches zero when the aluminum

layer thickness is 7 nm. For the 40-nm-thick Si device with 7 nm Al on top, perfect

light absorption occurs at 640 nm. Further increasing the Al layer thickness increases
the reflectance minimum. A scanning electron microscope (SEM) picture of the 7 nm

Al film surface is shown in Figure 3.1(b) as an inset. The 7 nm Al film is quasicontinuous with small voids. The measurement results show that perfect light

absorption occurs when the Al thickness is 7 nm, indicating critical coupling of the
incident light to one of the nano-cavity resonance modes.

To change the resonance enhanced absorption wavelength, the thickness of Si

layer was changed while keeping the top Al layer at 7 nm. Figure 3.1(c) shows

photographs of four fabricated devices with Si layer thickness of 30, 40, 50, and 60

nm. The four devices appear purple, blue, cyan, and green, corresponding to the Si

layer thicknesses of 30, 40, 50, and 60 nm, respectively. The reflectivity spectra at a
54

10-degree angle of incidence were measured using an optical spectrometer
(StellarNet C-SR 50). Measurement results are shown in Figure 3.1(d). The perfect

absorption wavelengths are 540, 640, 750, and 870 nm for Si layer thicknesses of 30,
40, 50 and 60 nm, respectively.

Figure 3.1 (a) Schematic of the ultra-thin nanocavity perfect light absorber structure.
(b) Measured optical reflectivity spectra of devices with 40 nm Si thickness and
different top Al layer thicknesses from 5 to 10 nm. Perfect light absorption is achieved
for the device with 7 nm Al layer thickness. A SEM image of the 7 nm Al film surface
is shown as the inset. (c) Photographs of the four nano-cavity devices with different
Si layer thicknesses, taken under ambient light. (d) Measured reflectivity spectra of
the perfect light absorber devices with different Si thickness at the near normal
incident angle of 10 degree.
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Table 3.1 summarizes the perfect light absorption wavelengths, the peak

absorbance, and the ratio of the silicon cavity layer thickness to the perfect
absorption wavelength. It can be seen that perfect light absorption was achieved over
a wide range in the visible and near-IR region with silicon layer thicknesses from 30

nm to 60 nm. For the perfect light absorber with a 30 nm thick silicon film, the ratio

of the perfect absorption wavelength to the silicon layer thickness is approximately
18. As the Si cavity thickness decreases, the perfect absorption wavelength also

decreases. However, the Si cavity layer thickness decreases faster than the peak
absorption wavelength decreases. This is due to decreased light penetration into the
aluminum at shorter wavelengths ( δ = λ / 4π n " is the skin depth where n " is the

imaginary part of refractive index of aluminum). A thinner skin depth requires a

greater cavity thickness to compensate for the decrease in Si cavity layer thickness as

the peak absorption wavelength decreases. Experimentally, a Si cavity thickness as
small as a factor of 1/18 of the resonance absorption wavelength was demonstrated.
Table 3.1 Parameters of fabricated perfect light absorber devices.
Silicon layer thickness (nm)

30

40

50

60

Perfect absorption wavelength (nm)

540

640

750

870

Ratio of Si layer thickness to resonance wavelength

1/18

1/16

1/15

1/14.5

Maximal absorbance (%)

Skin depth of bottom Al layer (nm)

Total phase delay at two Si-Al boundaries (rad)
Phase delay at Si-bottom Al boundary (rad)
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99.5
12

-2.11
-1.65

99.9
11.6

-2.47
-1.90

99.9
12

-2.75
-2.07

100.0
13.2

-2.91
-2.14

To investigate the angular performance of the perfect light absorbers, the optical

reflectivity from fabricated devices was measured at different incident angles varying

from 10° to 70° with 10° increments. Measurement results are shown in Figures
3.2(a)-(d). High absorption (greater than 90%) is sustained up to a 70° angle of

incidence. The colors of the devices do not change when they are viewed from a wide
range of incident angles.

Figure 3.2 (a-d) Measured optical reflectivity spectra from devices with Si cavity
layer thicknesses from 30 to 60 nm, respectively, at different angles of incidence from
10° to 70°. The measurement results show the omni-directional behavior of the
structure.
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The omni-directional absorption behavior is due to the ultra-thin optical cavity in

which the round-trip phase delay remains invariant at the cavity resonance for large
incident angles up to 70°. The angle-insensitive absorption is very attractive for solar

energy harvesting. The calculated round-trip phase delays at different incident angles

are explained in the following section on simulations and discussions.
3.3 Simulations and Discussions

In order to compare numerical simulation results to experimental results, the

optical constants of Al and Si thin films were measured using a variable angle
spectroscopic ellipsometer (VASE by J. A. Woollam Company). The measured real ( n '

) and imaginary ( n " ) parts of the index of refraction of Al and Si thin films are plotted
in Figures 3.3(a) and (b). The 7 nm Al film has higher “ n ' ” and lower “ n " ” compared

to the 100 nm Al film. This is because the 7 nm Al film has small grains inside the film

as shown in the inset of Figure 3.1(b), and its thickness is above but close to the
percolation threshold. The percolation threshold thickness is a critical thickness

where the deposited film transforms from having dielectric properties to metallic

properties. Below the percolation threshold, the ultra-thin Al film consists of
unconnected metal islands (clusters). Above the percolation threshold thickness, the

metal islands (clusters) become connected and the film exhibits metallic properties.

By further increasing the film thickness, the film becomes a uniform film. Eventually,
the optical properties of sputtered film approach those of the bulk material.

Therefore, the optical constants near the percolation threshold for Al films are
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strongly thickness-dependent as indicated in the measurement results shown in
Figure 3.3(a).

Figure 3.3 (a) Measured optical constant of 7 nm and 100 nm aluminum films. The
optical constants of Al are shown to be thickness dependent. (b) Measured optical
constant of 100 nm silicon film.
To understand perfect light absorption in the Al-Si-Al nanocavity structure, the

round-trip phase delay in silicon nano-cavity is calculated. For normal incidence, the
electric field of the optical wave can be written as E ( z , t ) = E0 e j (ωt − 2π z / λ ) in the air.

Inside the silicon cavity layer, the propagating round trip phase delay is

ϕ s = 4π n ' d / λ , where

n ' is the real part of the refractive index of silicon and d is the

silicon layer thickness. The total round-trip phase delay, ϕtotal , is the sum of the

propagating phase delay ( ϕ s ) and phase losses due to reflections at the two cavity
boundaries,

ϕ total = ϕ s − (ϕ 21 + ϕ 23 )
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(3.1)

where ϕ12 and ϕ23 are the reflection phase changes at the two boundaries with top Al
and bottom Al layers, respectively. Figure 3.4(a) shows the propagating phase delays

ϕs in the silicon layer with thicknesses from 30 nm to 60 nm. Figure 3.4(b) shows the

reflection phase changes ϕ21 and ϕ23 at the two boundaries which are the angles
corresponding to complex reflection coefficients r21 and r23 calculated using Equations
(3.2)-(3.6). The reflection phase changes depend on the imaginary refractive index of

Al and Si at the two boundaries. Figure 3.4(c) illustrates the total round-trip phase
delay ϕtotal in nano-cavities of silicon layer thickness from 30 nm to 60 nm, calculated

using Equation (3.1). In Figure 3.4(c) it is shown that a total round-trip phase delay
of zero occurs in the visible spectral range for silicon cavity thicknesses from 30 nm

to 60 nm. A zero total round-trip phase delay indicates that the zeroth order Fabry-

Perot resonance mode causes the perfect light absorption observed in the visible
spectral range shown in the experimental results of Figure 3.1(d).

To demonstrate the omni-directional behavior of the structure, the round-trip

phase delay ϕtotal inside the nanocavity for incident angles from 10° to 80° are

calculated. The results are shown in Figures 3.5(a)-(d) for different cavity layer

thicknesses. It was found that a zero total round-trip phase delay is sustained at
different incident angles up to 70°. Therefore, the peak absorption wavelength that

corresponds to the zero total round-rip phase delay does not shift across the

spectrum at different incident angles. This effect gives rise to an angle-insensitive
behavior of the perfect absorber structure.
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Figure 3.4 (a) Calculated propagation phase delays in Si layer only. (b) Calculated
phase changes at two Si boundaries with Al. (c) Calculated total round-trip phase
delays in Si nanocavity with different thicknesses. Perfect light absorption occurs
when total round-trip phase delay is zero in the optical nano-cavity.
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Figure 3.5 (a-d) Calculated round-trip phase delay inside Si nanocavity with cavity
layer thickness from 30 nm to 60 nm, respectively, at different incident angles. The
zero total round-trip phase delay remains invariant for incident angles up to 70°
showing the omni-directional behavior of the structure.
Using the measured optical constants of Al and Si shown in Figure 3.3, the optical

reflectivity from the nanolayer structure is calculated using the transfer matrix
technique [7]. The optical reflectivity is

=
R

2

r=
2

M 21
,
M 11

where M 21 and M 11 are elements of the transfer matrix,
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(3.2)

 M 11 M 12 
−1
−1
−1
M =
=
 D1 ( D2 P2 D2 )( D3 P3 D3 ) D4 .
M
M
 21
22 

In the transfer matrix above,

0
 exp( jϕi )

Pi = 
,
ϕ
j
0
exp(
)
−
i 


For TE polarization,

and for TM polarization,

where ϕi =

1

Di = 
(
'
n
jn
−
i ") cos θ i
 i

2π (ni '− jni ")di

λ

(3.3)

.

1

,
−(ni '− jni ") cos θi 

cos θi
 cos θi

Di = 
,
 (ni '− jni ") −(ni '− jni ") 

(3.4)

(3.5)

(3.6)

where i = 0,1, 2,3 represents air, the top Al layer, Si, and the bottom Al, respectively.

In Equations (3.4)-(3.6), θi is the incident angle in the medium i , and ni ' and ni " are

the real and imaginary parts of the refractive index of medium i , and ϕi is the
propagating phase delay of the optical wave in medium i . In Equation (3.4), d1 is the
thickness of the top Al film (7 nm), and d 2 is the thickness of Si cavity layer (30-60

nm). Figure 3.6(a) provides a 2D plot of the optical reflectivity vs. wavelength and the

Si cavity layer thickness, calculated using the transfer matrix method and Equation
(3.2). Figure 3.6(b) shows the reflectivity spectra for silicon layer thicknesses of 30,

40, 50, and 60 nm with the corresponding perfect absorption wavelengths of 570,

660, 750, and 840 nm, respectively. The calculated optical reflectivity spectra are in
good agreement with the measured optical reflectivity spectra in Figure 3.1(d). It was

also verified that the very thin native oxide layer that normally forms on top of any Al
layer at ambient temperature does not affect the performance of the structure.
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Figure 3.6 (a) 2D plot of the calculated optical reflectivity versus Si thickness and
wavelength. The black band shows the perfect light absorption regime. (b) Calculated
optical reflectivity spectra for cavities of 30 nm to 60 nm Si layer thicknesses.
The optical reflectivity spectra of four devices with 30, 40, 50, and 60 nm silicon

layer thicknesses were also calculated at different angles of incidence for TE and TM

polarizations. Assuming incident light is completely unpolarized, the reflectivity is the
average of the reflectivities of TE and TM polarizations. Calculated reflectivity of

unpolarized light versus the wavelength and the angle of incidence for cavities of 30

nm to 60 nm silicon layer thicknesses are plotted and shown in Figures 3.7(a)-(d),

respectively. It can be seen that the peak absorption wavelength does not change as

the angle of incidence increases from 0 to 70 degrees. The omni-directional
absorption behavior is in good agreement with the measured results. Small
discrepancy between the simulated and measured peak absorption wavelengths is
likely due to small thickness uncertainties.
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Figure 3.7 Calculated optical reflectivity versus the angle of incidence and the
wavelength for perfect light absorbers with Si cavity layer thickness of (a) 30 nm, (b)
40 nm, (c) 50 nm, and (d) 60 nm, respectively. The absorption is angle insensitive for
incident angles up to 70°.
To investigate where the energy is dissipated in the structure, the electric and

magnetic field distributions at the perfect absorption wavelength of 750 nm are
calculated using FDTD simulations (Lumerical Solution, Inc.). The electric field is in

the x-z plane and the magnetic field is in the y-z plane. Figure 3.8(a) shows the real

part of the electric field in air and inside the device structure. In Figure 3.8(a) the “-”

sign represents the direction of the electric field that is in the –x direction. It can be
seen that the real part of the electric field holds the same direction as it propagates
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through the nanolayer structure. Figure 3.8(b) shows the imaginary part of the

electric field, and Figure 3.8(c) shows the magnitude of the electric field. It can be seen
in Figure 3.8(c) that the electric field enhancement is small inside the structure and

that the electric field decays as it propagates through the structure. Figure 3.8(d)
illustrates the real part of the y-component of the magnetic field profile. In Figure

3.8(d), “-” indicates that the magnetic field in air and in the top Al layer is in the –y

direction, and “+” indicates that the magnetic field in Si and bottom Al layers is in the
+y direction. It is clearly seen that the magnetic field changes direction crossing the

top Al-Si boundary. Figure 3.8(e) indicates the imaginary part of the magnetic field,

and Figure 3.8(f) shows the amplitude of the magnetic field distribution in the

structure. It is seen from Figure 3.8(f) that there is a strong magnetic field
enhancement near the Si to bottom Al layer boundary.

To investigate where the optical energy is absorbed in the nano-cavity structure,

the absorbed energy density Q is calculated using equation [78]
=
Q

where

ω
(ε 0ε " | E0 |2 + µ0 | H 0 |2 ),
8π

ε= ε '− jε ",
n=

ε=' n '2 − n "2 ,

ε= n '− jn ",

ε " = 2n ' n ".

(3.7)
(3.8)

(3.9)

(3.10)

In Equations (3.7)-(3.10), ε ' is the real part and ε " is the imaginary part of the

complex relative permittivity ε of the medium, n ' is the real part and n " is the

imaginary part of the complex refractive index n of the medium, µ0 is the vacuum
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permeability, E0 and H 0 are the amplitudes of the electric and magnetic fields

respectively, and ω is the angular frequency of the wave oscillation. Equation (3.7)

is an important formula because it shows that the absorption of energy is determined

by the imaginary part of permittivity, ε " , and ε " itself depends on the imaginary part

of refractive index ( n " ).

Figure 3.8 Calculated real part, imaginary part, and magnitude of electric field (a-c)
and magnetic field (d-f) distributions at the perfect absorption wavelength of 750 nm.
The arrows show the direction of electric and magnetic fields inside the structure.
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Figure 3.9(a) shows calculated absorbed energy density at the 750 nm perfect

absorption wavelength in the structure comprised of a 50 nm Si cavity layer bounded
by a 7 nm Al layer on top and a 100 nm Al layer on bottom. The absorbed energy

density line profile in the z-direction is plotted in Figure 3.9(b). In Figure 3.9(b), the
absorbed energy, i.e. the area under the absorption curve, is 60% in the top Al layer,
5% in the Si layer, and 35% in the bottom Al metal. From Figure 3.9(b), it is clearly

seen that most of the energy is absorbed in the 7 nm Al layer on the top and the Al
medium on the bottom. Also, it is seen that the maximum absorption occurs in the

aluminum medium next to the Si boundaries. Only a small portion of the energy is

absorbed in the silicon nanocavity. However, in designing the structure if it is

required to direct the absorption into the active layer, then the thickness of the top Al

layer should be reduced, and the thickness of the Si cavity layer increased. This
modification will increase the total layer thickness of the structure so that absorption
can occur at higher order resonance modes.

Figure 3.9 (a) Calculated energy absorption density at 750 nm perfect absorption
wavelength in the structure of 50 nm Si thickness bounded with 7 nm Al on the top
and 100 nm Al in the bottom. (b) Absorption density profile at the perfect absorption
wavelength of 750 nm. It is shown that most of the energy is absorbed in top Al layer.
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To show the potential sensor applications of the nanocavity perfect light absorber

with a percolation film, different liquid chemicals were applied on top of the device
to see if a change in its reflectivity spectrum occurs. Figure 3.10 shows the measured

reflectivity spectra of the device with 40 nm Si cavity thickness in air, and with IPA
(isopropyl alcohol), methanol, and water on top. The measurement results show that
these chemicals on the surface of the device cause the resonance to blue-shift. The
inset of Figure 3.10 gives a photograph of a 40 nm Si device partially covered by IPA

on the surface. The color of the device changes from light blue to dark blue due to the

presence of IPA which reduces the reflectivity in the blue wavelength range. This

simple example illustrates how these structures may be useful as chemical sensors.

Figure 3.10 Measured optical reflectivity spectra from the 40 nm Si device in air, IPA,
ethanol, and water. The inset shows the device picture when it is partially covered by
IPA liquid and partial exposed to air.
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3.4 Summary
In summary, nano-cavity perfect light absorbers made of an ultra-thin percolation

aluminum film and a high-index silicon thin film on aluminum have been

demonstrated in the visible and near-IR spectral range. The ultra-thin percolation

aluminum film and silicon nanolayer on the metal surface forms an asymmetric

Fabry-Perot nano-cavity. At the fundamental resonance mode of the cavity where the

total round-trip phase delay is zero, the incident optical wave is critically coupled into

the nano-cavity, resulting in complete light absorption at the resonance. Using high-

index silicon for the cavity medium enabled a significant reduction in cavity thickness
by a factor of 18 at the perfect absorption wavelength of 540 nm, about four times
thinner than previously reported in thin film cavity resonance enabled perfect light

absorbers [27,68,69,70]. Additionally, it was found that the ratio of the cavity layer
thickness to the perfect absorption wavelength decreases as the wavelength

decreases due to the decreased light penetration into the aluminum metal at shorter
wavelengths. Finally, the optical energy absorbed in the nanostructure was
investigated through simulations, and it was found that most of the energy is
absorbed in the aluminum, not in the silicon cavity layer.
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CHAPTER 4

ZEROTH ORDER FABRY-PEROT RESONANCE ENABLED

STRONG LIGHT ABSORPTION IN ULTRA-THIN SILICON FILMS
ON DIFFERENT METALS AND ITS APPLICATION FOR COLOR
FILTERS101

In this chapter, Fabry-Perot nanocavity resonance enabled strong light absorption

in ultra-thin single layer silicon films on different metal surfaces is investigated. It is
found that the peak absorption wavelength depends on the metal underneath the

silicon film in addition to the silicon film thickness. Perfect light absorption in the

visible was observed for deep subwavelength thick ultra-thin silicon films deposited
on titanium (Ti) and chromium (Cr) metal surfaces. This is due to the zeroth order
Fabry-Perot resonance mode having a round-trip phase delay of zero in the

nanocavity. Perfect light absorption in an ultra-thin silicon film as thin as 1/27 of the
absorption wavelength on a titanium metal surface has been demonstrated.
4.1 Preface

Spectrally selective light absorption is useful for many applications, such as color

filters [8,27,29,72,79], biosensors [9,80,81,82,83], and enhanced optical detection
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[84]. Spectrally selective light absorption is traditionally realized in chemical dyes.

With the development of nanofabrication technologies in recent decades, spectral

selective light absorption has been extensively investigated using patterned
nanostructures [81,82,83,84,85,86]. Recently, spectrally selective light absorption

was investigated in single-layer semiconductor thin films deposited on metal surfaces
[8,29,44,87,88,89]. Thin film structures require a less complicated fabrication
process, therefore have advantages over patterned nanostructures.

A single-layer high index semiconductor film on a metal surface creates a Fabry-

Perot optical cavity. At one of the cavity’s resonance modes, incident light can be
completely trapped and absorbed due to critical coupling [55]. By changing the

thickness of the semiconductor film, the peak absorption wavelength can be changed
over a wide range of the spectrum. Previously, perfect light absorption in single-layer

silicon films on aluminum surface due to mode-selective critical coupling has been

reported [8,9]. It was shown that the perfect absorption wavelength can be changed

by changing the thickness of the silicon film. In this work, the peak absorption
wavelength is shifted by depositing thin silicon films on different metals. The

motivation is to devise a new scheme for generating different optical colors with the

same thickness silicon film but with different substrate metals to simplify the device
fabrication process.

4.2 Device Fabrication and Experimental Results
Figure 4.1(a) shows the schematic device structure where a single-layer silicon (Si)

film is deposited on a metal surface. The metal underneath is thick and completely
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prohibits light transmission. The structure forms an asymmetric Fabry-Perot optical
cavity that can completely absorb light at a specific wavelength when the critical
coupling condition is met.

To fabricate the device, a 200 nm thick layer of different kinds of metal films (silver

(Ag), aluminum (Al), gold (Au), copper (Cu), chromium (Cr), and titanium (Ti)) is
deposited on silicon wafer substrates using a Denton sputtering system. During the

metal depositions, the DC power of the Denton sputter system was set at 200 watts

and the argon pressure was set at 5 mTorr. After metal depositions, each wafer was
diced into four pieces for subsequent depositions of Si films of thickness 20 nm, 25 nm,

30 nm, and 50 nm. For Si film deposition, the RF power of the sputtering system was

set at 200 watts, and the argon pressure was kept at 5 mTorr. The deposition rate of
Si film was 0.08 nm per second, calibrated using a surface profilometer (KLA-Tencor

P10). In total, 24 devices were made of different thicknesses of Si films ranging from
20 nm to 50 nm, deposited on different metal films of Ag, Al, Au, Cu, Cr, and Ti. Figure

4.1(b) shows photographs of all fabricated devices taken under ambient sunlight. Each
device has an area of about one centimeter square. It can be seen that the color of the

device varies with the metal and silicon film thickness. For color filter applications, a
fixed thickness of silicon film (30 nm) on different metals is illustrated in Figure 4.1(c),

which shows different optical colors corresponding to different metals underneath the
silicon film.
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Figure 4.1 (a) Schematic of the spectrally selective light absorber structure. (b)
Photographs of the fabricated devices with different thicknesses of Si films from 20
nm to 50 nm on six different metals of Al, Ag, Au, Cu, Cr, and Ti. (c) An illustration of
a fixed thickness of Si film of 30 nm on different metals for generating different optical
colors.
Optical absorption ( A ) in fabricated devices can be determined easily by

measuring the optical reflectivity (R) from the devices. Since the metal film
underneath the Si film is optically thick and no light transmits through it (T=0), optical
absorption in the devices can be calculated as A = 1 − R . Optical reflectivity was

measured using a broadband halogen light source (Ocean Optics HL-2000) and a

visible-near-IR optical spectrometer (StellarNet BLK-C-SR). The light from the halogen
light source was first coupled into a multi-mode optical fiber and the output with a

beam diameter of 62.5 microns was incident onto the device. The area size of the

devices was about 1 cm2 and much larger than the input beam diameter. The reflected
light from the device was collected by a collimator and sent to the spectrometer
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through a multi-mode optical fiber. The measured reflectivity was normalized by the

incident light. the end of the optical fiber and the collimator were both mounted on a

rotational stage for measuring reflectivities at different angles of incidence. The

incident light was unpolarized, and the reflectivity from the devices was measured
first at a 10-degree angle of incidence, limited by the measurement setup. The
reflectivity from the device at a 10-degree angle of incidence is the same as the
reflectivity at normal incidence because the absorption in the structure is angle

insensitive. A detailed analysis of the angular dependence of absorption will be
discussed later in this chapter.

Figures 4.2(a)–(f) show measured reflectivity spectra from devices with different

metals (Ag, Al, Au, Cu, Cr and Ti) coated with Si films of different thicknesses from 20

nm to 50 nm. It can be seen that the reflectivity spectra from devices with the same
metal film vary with the Si film thickness. For a silver (Ag) metal film, for example, the

measurement results are shown in Figure 4.2(a). Spectrally selective optical
absorption was observed at wavelengths of 487 nm, 517 nm, 521 nm, and 637 nm,

respectively in devices with 20 nm, 25 nm, 30 nm, and 50 nm thick Si films. Similarly,
for other metal films, the peak absorption wavelength changes with the thickness of

the Si film. Figures 4.2(a)–(f) also show that the reflectivity spectra vary with the
choice of metals underneath the Si films. For example, in devices with a 20 nm thick Si

film on Al, Cr, Au, Ag, Cu, and Ti metal surfaces, the peak absorption wavelengths are
433 nm, 457 nm, 465 nm, 487 nm, 496 nm, and 537 nm, correspondingly.

Perfect light absorption was observed in devices with Cr and Ti metals. For Cr,

perfect light absorption occurred at wavelengths of 457 nm, 505 nm, 564 nm, and 806
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nm in devices with 20 nm, 25 nm, 30 nm, and 50 nm thick Si films, as shown in Figure

4.2(e). Also, for Ti metal film, perfect light absorption occurred at wavelengths of 537
nm, 576 nm, 632 nm, and 848 nm in devices with 20 nm, 25 nm, 30 nm, and 50 nm
thick Si films, as shown in Figure 4.2(f). It can be seen that with Ti metal, perfect light

absorption occurs at longer wavelength than that with Cr metal film for the same

thickness of the Si film. This is because Ti has a larger optical absorption than Cr in the
visible spectrum. As a result, Ti metal can be used to achieve perfect light absorption

with thinner Si films. In devices with a Ti metal film, perfect light absorption was
achieved with Si films as thin as 1/27 of the perfect absorption wavelength. This is a

significant reduction of device thickness compared to previously reported work
[8,29,44,87,88,89], dramatically reducing the cost of fabrication.

In devices with the same Si film thickness, optical absorption depends on the

choice of metals. Ag, Al, Au, and Cu are low-loss metals because they are highly

reflective (R>85%) and they have low optical absorption (A<15%) in the visible and
near infrared spectral range (600 nm-10 μm). Among these metals, Al has larger
optical absorption in the 600 nm-1 μm spectral range. Other metals, such as Cr and Ti,

are lossy metals. They have higher optical absorption (A~40%) in the visible and near
infrared spectral range. Perfect light absorption can be achieved with thinner Si films

coated on these metals. With Cr and Ti, a wide range of perfect light absorption

wavelengths from 457 nm to 848 nm was achieved in devices with Si film thicknesses
from 20 nm to 50 nm as shown in Figures 4.2(e) and (f).
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Figure 4.2 (a-f) Measured reflectivity spectra from devices with different thicknesses
of Si films (20 nm to 50 nm) on different metals of Ag, Al, Au, Cu, Cr, and Ti.
Measured peak absorption wavelength versus Si film thickness is shown in Figure

4.3. It can be seen that the peak absorption wavelength varies with the Si film
thickness. The peak absorption wavelength increases as the Si film thickness increases
77

due to an increase in the propagation phase delay inside the Si film. Also, with a fixed
Si film thickness, the peak absorption wavelength varies with the choice of metals. This
is due to the different phase changes at the silicon-to-metal boundaries (penetration
depths are different). Detailed analyses of the phase delays inside the nanocavity will
be provided later in this chapter.

Figure 4.3 Measured peak absorption wavelength versus Si film thickness.
Table 4.1 gives values of the peak absorption wavelength for different devices with

20-50 nm thick Si films on a variety of metal substrates. It is seen that the peak

absorption wavelength depends on both the Si film thickness and the metal substrate.

Also, Table 4.1 shows the ratio (α) of the Si film thickness to peak absorption

wavelength for each device. The ratio varies significantly with the choice of metal

substrate and the Si film thickness. The thinnest perfect absorber device was obtained
with a ratio of 1/27 for a 20 nm thick Si film on a Ti surface.
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Table 4.1 Values of peak absorption wavelength (λ) and ratio (α) of silicon film
thickness to absorption wavelength.
Si Thick.

Ag

Al

Au

Cu

Cr

Ti

(nm)

λ (nm), α

λ (nm), α

λ (nm), α

λ (nm), α

λ (nm), α

λ (nm), α

20

487, 1/24

433, 1/22

465, 1/23

496, 1/25

457, 1/23

530, 1/27

30

521, 1/17

465, 1/16

453, 1/15

540, 1/18

564, 1/19

632, 1/21

25
50

517, 1/21
637, 1/13

453, 1/18
839, 1/17

462, 1/19
752, 1/15

531, 1/21
831, 1/17

505, 1/20
806, 1/16

576, 1/23
848, 1/17

Figures 4.4(a)–(d) give the measured reflectivity spectra for devices with

thicknesses of Si films ranging from 20 nm to 50 nm on different metals. It can be seen

that the reflectivity spectra from devices with the same thickness of the Si film depend

on the underlying metals. Figure 4.4(a) shows the measured reflectivity spectra from
devices with a 20 nm thick Si film on different metals. Perfect light absorption was

observed at wavelengths of 496 nm, 457 nm, and 537 nm in devices with Cu, Cr, and
Ti metal films, respectively. The measured reflectivity spectra from a 25 nm thick Si

film on different metals are shown in Figure 4.4(b). Perfect light absorption was
observed at wavelengths of 505 nm and 576 nm in devices with Cr and Ti metal films,

correspondingly. Figure 4.4(c) provides the measured reflectivity spectra from
devices with a 30 nm thick Si film on different metals. It is seen that complete light

absorption was observed in devices with Cr and Ti metal films at wavelengths of 564
nm and 632 nm, respectively. The measured reflectivity spectra from devices with a
50 nm thick Si film on different metals are shown in Figure 4.4(d). Perfect absorption
was observed at wavelengths of 806 nm and 848 nm with Cr and Ti, respectively.
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Figure 4.4 (a-d) Measured reflectivity spectra from devices with different
thicknesses of Si films (20 nm to 50 nm) on different metals, and (e-h) corresponding
chromaticity coordinates on the CIE 1931 chromaticity diagram. The variation of the
chromaticity indicates that the color of the device varies with the choice of the metal
and the corresponding Si film thickness.
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As shown in Figures 4.4(a)–(d), perfect light absorption was attained in devices

with Cr and Ti metal films coated with Si films of thickness from 20 nm to 50 nm. In

this range of Si film thickness, perfect light absorption occurs at the zeroth order

resonance mode of the optical nanocavity in the visible range. The absorption spectral
width for absorbance larger than 95% is ~300 nm at the zeroth order resonance
mode.

Figures 4.4(e)–(h) provide the chromaticity coordinates on the International

Commission on Illumination (CIE) 1931 chromaticity diagram [90] corresponding to

the reflectivity spectra shown in Figures 4.4(a)–(d). Based on the variation of the

chromaticity coordinates, it can be seen that the color of the device varies with the
metal and also varies with silicon film thickness.
4.3 Simulations and Discussion

To verify the observed strong optical absorption in silicon films on metal

structures, the optical reflectivities from the devices were calculated. The optical

constants of thin Si films were first measured by using an ellipsometry (VASE by J. A.

Woollam Company). Optical constants of Ag, Al, Au, Cu, Cr, and Ti were taken from
Palik’s Handbook of Optical Constants of Solids [53]. The optical constants of a 100

nm thick Si film and different bulk metals are plotted in Figures 4.5(a) and (b). In
Figure 4.5(a), it can be seen that lossy metals (Cr and Ti) have a higher real part of the

index of refraction than low-loss metals (Ag, Al, Au, and Cu) in the visible and near

infrared spectral range. Also, among low-loss metals, Al has the highest real part of

the index of refraction in the spectral range from 600 nm to 1000 nm, therefore
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allowing stronger optical absorption in the devices with Al films as shown in Figure
4.2(b).

Figure 4.5 (a) Real part of index of refraction and (b) imaginary part of index of
refraction of a 100 nm thick Si film and different bulk metals.
Reflectivity from the silicon-on-metal structure is calculated by R = r , where r
2

is the reflection coefficient given by [7]
r=

r01 + r12 exp(− jϕ s )
.
1 + r01r12 exp(− jϕ s )

(4.1)

In Equation (4.1), r01 and r12 are the Fresnel reflection coefficients of the optical waves
from air to silicon and from silicon to metal, respectively. They are
r01 =

k0 z − k1z
k0 z + k1z

,

r12 =

for TE polarization. For TM polarization,
r01 =

n12 k0 z − n0 2 k1z
n12 k0 z + n0 2 k1z

,

r12 =

k1z − k2 z
,
k1z + k2 z

n2 2 k1z − n12 k2 z
.
n2 2 k1z + n12 k2 z

(4.2)

(4.3)

In Equations (4.2) and (4.3), kiz is the normal component of the wave vector inside the
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=
kiz k0 ni2 − n02 sin 2 (θ ) ,
medium i ( i = 0,1, 2 for air, silicon, and metal, respectively),
where θ is the angle of incidence, and ni is the complex index of refraction of the

medium i . In Equation (4.1), ϕ s = 4π n1d / λ is the round-trip propagation phase delay
inside the Si film of thickness d .

The optical reflectivity was calculated for devices with various Si film thicknesses

from 20 nm to 50 nm on different metals of Ag, Al, Au, Cu, Cr, and Ti. The reflectivity
was calculated using Equation (4.1) for unpolarized light at normal incidence. The

simulation results are shown in Figures 4.6(a)–(d). The calculated reflectivity spectra
from devices with a 20 nm thick Si film on different metals are shown in Figure 4.6(a).

The peak absorption wavelengths in devices with a 20 nm thick Si film on Cr, Al, Ag,

Au, Cu, and Ti metal surfaces are 470 nm, 500 nm, 510 nm, 550 nm, 560 nm, and 570
nm, respectively. Similarly, for other Si film thicknesses, the peak absorption
wavelength varies with the metals underneath the Si film.

The simulation results show that the incident light is coupled into the device’s

Fabry-Perot resonance mode. Strong optical absorption occurs at the zeroth order
cavity resonance mode for devices with 20 nm to 50 nm thick Si films. The simulation

results in Figures 4.6(a)–(d) agree well with the experimental results shown in Figures

4.4(a)–(d). The small discrepancy between simulation results and experimental
results is attributed to the difference in the index of refraction of 20-50 nm thick Si

films from the index of refraction of a 100 nm thick Si film, which was measured and
used in the simulations.
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Figure 4.6 (a-d) Calculated reflectivity spectra at normal incidence from devices with
different Si film thicknesses of 20 nm, 25 nm, 30 nm, and 50 nm on different metals
(Ag, Al, Au, Cu, Cr, and Ti).
Optical reflectivity versus wavelength and silicon film thickness was calculated

using Equation (4.1). The results are shown as 2D plots in Figures 4.7(a)–(f). The blue

bands represent the strong optical absorption caused by different resonance modes

inside the Si optical nanocavity. It is seen that the spectrally selective optical
absorption varies with the choice of the metal and the Si film thickness. Low-loss

metals such as Ag and Al give narrower absorption spectral bandwidths, and lossy

metals such as Cr and Ti give wider absorption spectral bandwidths. The white dashed
lines in Figures 4.7(a)–(f) indicate different cavity resonance modes.
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Figure 4.7 (a-f) Calculated optical reflectivity versus wavelength and silicon film
thickness for devices with different metals of Ag, Al, Au, Cu, Cr, and Ti.

85

4.4 Optical Phase Analysis
To better understand light absorption in devices, optical phase delays inside the

Si nanocavity structure were calculated. At normal incidence, complex reflection

coefficients r10 and r12 at silicon-air and silicon-metal boundaries are calculated using

(n0 n1 ) / (n0 + n1 ) and r12 =
(n1 − n2 ) / (n1 + n2 ) where ni is index of refraction of
r01 =−

medium i ( i = 0,1, 2 for air, silicon, and metal respectively). ϕ10 and ϕ12 are phases of
the complex reflection coefficients r10 and r12 . Figure 4.8(a) shows the calculated

amplitude of reflection coefficients r10 and r12 at the silicon-air and the silicon-metal

interfaces, respectively. Figure 4.8(b) shows the calculated phase changes ϕ10 and ϕ12

at the silicon-air and the silicon-metal interfaces, respectively. The reflection

coefficient amplitudes ( r10 and r12 ) and phase changes ( ϕ10 and ϕ12 ) were calculated
taking the optical constants of Si and metals into account (see Figures 4.5(a) and (b)).

In Figure 4.8(b), it can be seen that the phase change ϕ12 at the silicon-metal interface

depends on the metal underneath the Si film, as expected.

The electric field of the incident optical wave in air can be written as

E ( z , t ) = E0 e j (ωt − 2π z / λ ) . Inside the Si film, the round-trip propagation phase delay is

ϕ s = 4π n1 ' d / λ , where n1 ' is the real part of index of refraction of Si film and

d is the

thickness of the Si film. Figure 4.8(c) shows the calculated round-trip propagation

phase delays ( ϕ s ) inside the Si films of thickness from 20 nm to 50 nm. The total round-

trip phase delay ( ϕtotal ) is the sum of the propagation phase delay ( ϕ s ), the phase delay
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at the silicon-air boundary ( −ϕ10 ), and the phase delay at the silicon-metal boundary
( −ϕ12 ),

ϕtotal =ϕ s − ϕ10 − ϕ12 .

(4.4)

Figure 4.8 (a) Amplitude of the reflection coefficients at the silicon-air boundary
(|r10|) and at the silicon-metal boundary (|r12|), (b) phase changes at the silicon-air
boundary (𝜑𝜑10) and at the silicon-metal boundary (𝜑𝜑12), (c) round-trip propagation
phase delays in the silicon films of different thicknesses, and (d-f) total round-trip
phase delays inside the Si films of different thicknesses. The straight dotted lines
indicate where the total round-trip phase delay is zero. Phase delays are calculated
at normal incidence.
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Figures 4.8(d)–(f) show the calculated total round-trip phase delays ( ϕtotal ) inside

Si nanocavities of different thicknesses. Spectrally selective optical absorption occurs

when the total round-trip phase delay inside the Si nanocavity is 2qπ , where q is an

integer number ( q = 0,1, 2,3,... ). The zeroth order resonance mode occurs when the

total round-trip phase delay inside the Si nanocavity is zero [9], as shown with the

straight dotted lines in Figures 8(d)–8(f). This resonance mode occurs when the Si

film thickness falls between 20 nm to 50 nm. As the Si layer thickness increases to
over 50 nm, the first-order resonance mode will appear in the visible range, where
the total round-trip phase delay inside the Si nanocavity is 2π.

4.5 Angular Dependence of Absorption

To explore the angular dependence of light absorption in the devices, the optical

reflectivities at different angles of incidence from 0° to 90° for both transverse electric

(TE) and transverse magnetic (TM) polarization incidence are calculated. Devices with

a 25 nm thick Si film on different metals were chosen for this. Figures 4.9(a)–(f) give

the calculated reflectivities for TE polarization incidence, and Figures 4.9(g)–(l) show
the calculated reflectivities for TM polarization at different angles of incidence. The

reflectivities for unpolarized light incidence can be calculated by taking the average of
the reflectivities of TE and TM polarizations.

In Figures 4.9(a)–(l), it can be seen that the optical absorption in the devices is

insensitive to a change in the angle of incidence up to 80° for both TE and TM

polarizations. Thus, colors of the devices remain unchanged when viewing at different
angles of incidence. The absorption in devices is very high at large angles of incidence.
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Figure 4.9 Calculated reflectivity versus wavelength and angle of incidence for
devices with a 25 nm thick Si film but different metals for (a-f) TE polarization and
(g-l) TM polarization. The white dashed lines are contour lines where the absorption
is 97%.
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The white dashed lines in Figures 4.9(a)–(l) are the contour lines where the

absorption is 97%. The angle-insensitive absorption is due to the maintained zero

total round-trip phase delay inside the Si nanocavity at large incident angles. The

angle insensitivity absorption is very beneficial for display applications. In Figures

4.9(g)–(l), it can be seen that for TM polarization, by increasing the incident angle

from 0° to 90°, the reflectivity from devices decreases and becomes zero at 80° for all
metals. This angle is similar to the Brewster angle at which the reflectivity of TMpolarized light is zero.
4.6 Summary

In this chapter, nanocavity resonance enhanced light absorption in ultra-thin

silicon films on different metal surfaces was investigated with experiments and
simulations. It was found that the peak absorption wavelength varies with the choice
of metal in addition to the silicon film thickness. Perfect light absorption was

observed in deep subwavelength ultra-thin silicon films deposited on titanium (Ti)
and chromium (Cr) surfaces in the visible spectral range. A single layer silicon film as
thin as 1/27 of the absorption wavelength on titanium metal surface is enough to give

perfect light absorption in the visible range. By analyzing optical phase delays, it was
found that perfect light absorption occurs in the zeroth order cavity resonance mode
where the total round-trip phase delay inside the cavity is zero. The perfect light

absorption is omni-directional and insensitive changing the angle of incidence. This
work demonstrates a new pathway for generating optical colors with different
substrate metals and fixed thickness silicon films.
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CHAPTER 5

ELECTRICALLY TUNABLE PERFECT LIGHT ABSORBERS AS
COLOR FILTERS AND MODULATORS 91

Methods for spectrally controlling light absorption in optoelectronic devices have

attracted considerable attention in recent years. It is now well known that a Fabry-

Perot nanocavity comprising thin semiconductor and metal films can be used to
absorb light at selected wavelengths. The absorption wavelength is controlled by

tailoring the thickness of the nanocavity and also by nanostructure patterning.
However, the realization of dynamically tuning the absorption wavelength without

changing the structural geometry remains a great challenge in optoelectronic device
development. Here it is shown how an ultrathin n-type doped indium antimonide

integrated into a subwavelength-thick optical nanocavity can result in an electrically
tunable perfect light absorber in the visible and near infrared range. These absorbers
require simple thin-film fabrication processes and are cost effective for large-area

devices without resorting to sophisticated nanopatterning techniques. In the visible

range, a 40 nm spectral shift can be attained by applying a reasonable bias voltage to

effect the color change. It is also shown that these electrically tunable absorbers may
be used as optical modulators in the infrared. The predicted (up to) 95.3% change in
reflectance, transforming the device from perfectly absorbing to highly reflective,
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should make this technology attractive to the telecommunication (switching)
industry.

5.1 Preface
Thin-film light absorbers have recently received considerable attention due to

their straightforward fabrication, low cost, and wide range of potential applications,

however they have been restricted to the near infrared range or they are not tunable,

or they are not perfect absorbers. Tunable perfect light absorbers functioning in the
visible range as discussed in this chapter comprise a Fabry-Perot nanocavity made of

thin metal and semiconductor films that absorb light completely over selected

wavelength ranges in the visible and infrared. The fundamental absorption

wavelength is determined by the thickness of the nanocavity and tunability is bias
voltage controlled. This newest generation of perfect light absorbers would have
many

interdisciplinary

applications

in

chemical

and

biological

sensing

[9,59,80,81,82,83,92], solar energy harvesting [57,93,94,95], photodetectors
[96,97], gas sensors [84], structural color printing [79,98,99,100], and color filters

[8,27,29,72,101,102,103,104]. However, if the absorption could be controlled in real

time, then multiple new applications can be envisioned such as high speed, high
resolution, high grey scale displays, smart windows, and a variety of

telecommunication devices to compete with those currently available. To ascertain
the possibilities, a theoretical investigation into ultrathin spectrally selective perfect
light absorption in a nanocavity structure made of an epsilon-near-zero (ENZ)

material (as the active layer) is summarized here. The metal/ENZ/dielectric/metal
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structure is modeled as a nanocavity, allowing the enhancement of light absorption

at the resonant wavelength to be explored. The ENZ material investigated here is a
doped semiconductor whose carrier density can be controlled by an applied electric
field bias, leading to the optical absorption becoming electrically tunable.

Unpatterned thin-film layer structures are typically made of multilayer thin

dielectric and metal films. N-type doped indium antimonide (n-InSb) as the active

ENZ layer in a metal/ENZ/dielectric/metal cavity structure is investigated because of
its potential applications in a variety of technical fields. The metal-semiconductor-

metal structure forms a Fabry-Perot cavity which traps incident light at the resonant
wavelength. Enhanced light absorption occurs because of strong optical interference
in the semiconductor film. In unpatterned thin-film layer structures the peak
absorption wavelength can be tuned from the UV to the visible [8,9] and into the mid-

infrared [35] regions by changing the thickness of the semiconductor layer. However,

a technique for spectrally selecting the absorption by applying an electric potential
across the structure would be a major advancement in the field.

Epsilon-near-zero materials are doped semiconductors whose real permittivity

value slowly changes sign from positive to negative with increasing wavelength

[40,105]. These materials, such as indium tin oxide (ITO) and n-InSb, are already
widely used in the semiconductor industry [106,107,108]. ITO, for example, is often

used as a transparent conductive layer in display applications. ENZ materials have

also received considerable attention as potential electro-optical devices. Researchers

have demonstrated narrow band [44,109] and broad band [40] directional perfect

light absorption in nanocavity devices made of ENZ materials for transverse magnetic
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(TM) incident light polarization. An ENZ material (specifically ITO) has also been used
in creating electrically tunable absorbers in the infrared regime [110,111,112] and
nonlinear optical devices [113]. In the visible range however, achieving electrically

tunable perfect light absorption still remains a significant challenge. These
electrically tunable absorbers are of great interest in many applications from color

filters and high-resolution displays to photodetectors and biosensors, and even in
decorative arts and real-time tunable color coatings.

In recent publications, spectrally selective perfect light absorption in Fabry-Perot

nanocavities has been experimentally demonstrated by varying the thickness of the

cavity layer [8,9], thermal annealing [8], and altering the metallic substrate [101]. To
dynamically tune the optical absorption without changing the structure geometry, J.

Park et al [110] and F. Yi et al [111] have recently demonstrated electrically tunable

infrared optical absorbers using ENZ material (ITO) in grating plasmonic structures.
Y. Yao et al [114] also showed that electrically tunable absorption can be realized

using graphene in a plasmonic structure. However, in such structures the absorption
was not complete, and the fabrication process was complex due to the required

nanostructure patterning. Indeed, the absorption occurred in the infrared region, not

in the visible. Therefore, the structures cannot be used for color filters applications.

In this work, simple thin-film structures (without nanopatterning) in conjunction

with an ultrathin n-InSb film as an active ENZ layer in an optical nanocavity are
proposed and modeled. Results indicate that voltage tunable perfect light absorption
in the visible regime (without changing the structural geometry) should be possible.
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5.2 Drude Model
For the present study, the optimum ENZ material should have a real permittivity

near zero in the visible or infrared region. The wavelength can be adjusted by

changing the carrier density of the material via controlling the deposition conditions
[40] and doping level [115]. ENZ materials afford significant variation in their optical

properties (i.e., permittivity and refractive index) due to their dependence on carrier
depletion or accumulation [112]. By applying a negative voltage to the ENZ layer, an

accumulation region can be created inside the ENZ layer (at the boundary with an

underlying dielectric layer), causing the carrier density in the ENZ material to

increase, as will be discussed later. Changing the carrier density in the ENZ material
results in a change in its permittivity and consequently its refractive index, according
to the classic Drude model [116,117,118,119]:
2
𝜔𝜔𝑝𝑝

𝜀𝜀 = 𝜀𝜀 ′ − 𝑗𝑗𝜀𝜀 ′′ ,

𝜀𝜀 ′ = 𝜀𝜀∞ − 𝜔𝜔2 +𝛾𝛾2 ,

𝜔𝜔𝑝𝑝 = �𝑚𝑚∗𝜀𝜀 ,

𝜔𝜔𝐸𝐸𝐸𝐸𝐸𝐸 = �

𝑁𝑁𝑒𝑒 2

0

𝑛𝑛 = 𝑛𝑛′ − 𝑗𝑗𝑛𝑛′′ ,

2 −𝜀𝜀 𝛾𝛾 2
𝜔𝜔𝑝𝑝
∞

𝑛𝑛 = √𝜀𝜀 ,

𝜀𝜀∞

2
𝛾𝛾𝜔𝜔𝑝𝑝

𝜀𝜀 ′′ = 𝜔𝜔(𝜔𝜔2 +𝛾𝛾2 ) ,

,

(5.1)
(5.2)
(5.3)

where ε′ is the real part and ε″ is the imaginary part of the complex permittivity ε. ε∞

is the permittivity at high frequencies, ω = 2πc/λ, γ is the scattering constant, ωp is the
plasma frequency, and ωENZ is the ENZ frequency when ε′ = 0. In Equation (5.2), N is
the carrier density, e is the electron charge, m* is electron effective mass, and ε0 is the

permittivity of vacuum. In Equation (5.3), n is the complex refractive index of the ENZ
material with a real part of n′ and an imaginary part of n″.
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Some metals, doped semiconductors, and metamaterials [120,121] can be ENZ

materials as well, with dielectric constants adequately described by the Drude model
[122]. Doped semiconductors have metal-like behavior in the infrared region similar
to those of metals in the UV-visible range. For metals, ε∞ = 1 and γ << ωp, and therefore

the ENZ wavelength ωENZ, where the real part of the permittivity vanishes, coincides
with the plasma frequency ωp according to the Drude model. For doped

semiconductors however, the plasma frequency ωp and the ENZ frequency ωENZ are
different. In this study, n-InSb (tellurium doped indium antimonide) is chosen as the

ENZ material, with an achievable electron carrier density of 3.5×1017 cm-3 and a

resulting ENZ wavelength of 35.17 µm [115]. Optical properties of n-InSb are listed

in Table 5.1. This material is a good candidate for electron carrier density modulation
induced by an electric voltage due to its low electron effective mass of 0.023me
compared to other common ENZ materials such as ITO with an effective mass of 0.4me

[112]. At a fixed plasma frequency, an ENZ material with a smaller effective mass has

a smaller carrier density according to the Drude model. This is favorable for carrier
density modulation because the carrier density of ENZ materials can be easily
increased with an applied negative voltage. Many ENZ materials such as ITO and TiN
have ENZ wavelengths in the near infrared and visible range due to their high electron

carrier densities (N~ 1019-1021 cm-3), which is close to that of metals, however it is

difficult to further increase (or modulate) their carrier densities. On the other hand,

n-InSb has a substantially lower electron carrier density of N~ 1017 cm-3, making this

material a suitable candidate for electrically induced carrier modulation, perhaps
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increasing the carrier density to that of some metals. Therefore, a large accumulation
region can be created in the n-InSb layer, changing its optical properties dramatically.
Table 5.1 Measured optical properties of n-InSb [115]
Material
n-InSb

a)me

ε∞

m*

γ
(rad/s)

N
(cm-3)

ωp
(rad/s)

16.8 0.023mea) 2.1×1012 3.5×1017 2.20×1014

= 9.11×10−31 kg (electron rest mass)

ωENZ
(rad/s)

5.36×1013

λp
(µm)
8.57

λENZ
(µm)

35.17

A material such as n-InSb, with a plasma frequency ωp in the infrared, behaves like

a dielectric in the visible range. With the application of a negative voltage, the electron
carrier density of n-InSb increases and an accumulation region is created. As a result,

the plasma frequency ωp shifts toward the visible range according to the Drude model
of Equations (5.1) and (2). Hence the n-InSb material behaves as a metal in the thin

accumulation region. Metals have a plasma frequency in the UV-visible range. This

significant change in the optical properties of n-InSb paves the way for many potential
applications in optoelectronic devices such as electrically tunable color filters and
high resolution real-time displays.
5.3 Absorber Structure

The schematic of the proposed electrically tunable perfect absorber is shown in

Figure 5.1. The device consists of Ag/n-InSb/TiO2/Ag thin-film layered structure. The

complete structure forms a Fabry-Perot cavity which absorbs light completely at its
resonance wavelength. N-type indium antimonide (n-InSb) and titanium dioxide
(TiO2) together form a cavity medium sandwiched by two silver (Ag) mirrors. The
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bottom Ag layer is 100 nm (optically thick) with no transmission and the top Ag layer
is 35 nm thick. The top and bottom Ag mirrors have approximately 97% and 90%

reflectance in the visible range, respectively. The n-InSb layer is 10 nm thick and the

thickness of the TiO2 layer is 40 nm. The absorption wavelength of the structure
depends on the thickness of the cavity medium (n-InSb+TiO2). In this configuration,

the device has an absorption wavelength in the visible range, perfect for color filter
applications. If an electric voltage is applied to the structure, then the observed color

of the device changes accordingly. In Figure 5.1, the large dc dielectric constant of the

TiO2 layer underneath the n-InSb layer increases the structure’s breakdown voltage
[123].

Figure 5.1 Schematic structure of an electrically tunable perfect light absorber.
The charge distribution across the n-InSb layer is calculated using Lumerical

DEVICE software® with the inclusion of a bias voltage. Required parameters include

the dc dielectric constant of TiO2 (approximately 80 [123]) and the work function of

silver (approximately 4.26 eV [124]). For InSb, the bandgap was taken to be: 0.17 eV
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[125], the dc dielectric constant: 16.8 [126], and the work function: 4.77 eV [127].

Figure 5.2 shows the simulation results for 0 V to -50 V. n-InSb has a carrier density
of N = 3.5×1017cm-3 when there is no voltage. By applying a negative voltage to the
top Ag surface, an accumulation layer is created inside the n-InSb layer and the

electron carrier density is increased to N = 1021 cm-3 (for -50 V at the boundary with
the TiO2 layer), as shown in Figure 5.2. Simulations for two devices with different n-

InSb thicknesses (10 nm and 20 nm) were done. These two devices are predicted to
have different absorption wavelengths in the visible range.

The dielectric constant and refractive index of n-InSb films with carrier densities

of N1 = 3.5×1017 cm-3 and N2 = 1021 cm-3 are calculated using the Drude model of

Equations (5.1)-(5.3). The results are shown in Figure 5.3. For 0 V (N1 = 3.5×1017
cm-3), λENZ occurs in the infrared at a wavelength of 35.17 µm. By applying a voltage

of -50 V, the electron carrier density of n-InSb increases to N2 = 1021 cm-3 at the

interface with TiO2, and λENZ shifts to a shorter wavelength in the visible, to 657 nm.
As shown in Figure 5.3(b), in the visible range (which is the region of interest for color
filter applications), the real part of the permittivity of n-InSb, ε′, is constant for carrier

density N1 which is the behavior of a dielectric. However, for carrier density N2, the
real part of the permittivity of n-InSb changes from positive to negative with

wavelength, which is a metallic behavior. This significant change in the permittivity
of n-InSb with corresponding dielectric to metal-like behavior change yields a

sizeable variation in the material’s refractive index, as shown in Figure 5.3(d). The

absorption in the structure (Figure 5.1) directly depends on the refractive index of
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the n-InSb layer, as will be discussed later. Thus, an electrically tunable absorber may
be possible.

Figure 5.2 Modulation of electron carrier density inside the n-InSb films with
thicknesses of (a) 10 nm, and (b) 20 nm with the application of a bias voltage. By
applying a negative voltage, an accumulation region is created inside the InSb film.
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Figure 5.3 (a,b) Permittivity, and (c,d) refractive index of n-InSb for N1 = 3.5×1017
cm-3 and N2 = 1021 cm-3 in the infrared (a,c) and visible (b,d) regime according to the
Drude model.
When a negative voltage is applied to the structure, the electron carrier density

inside the n-InSb layer is increased exponentially and the maximum density occurs at

the boundary with the TiO2 (see Figure 5.2). At 0 V, the device with a 20 nm thick n-

InSb has a resonance wavelength of 665 nm in the visible range. The variation of
permittivity and refractive index inside the n-InSb layer at this resonance wavelength

is calculated using the Drude model and shown in Figure 5.4. As can be seen, when no

voltage is applied, the permittivity and refractive index of n-InSb remain constant
across this layer at the resonance wavelength. This is due to the ENZ wavelength of
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the n-InSb being in the infrared (35.17 µm) and thus constant in the visible range (see

Figure 5.3(b)). The visible range is of particular interest because in this range

spectrally selective absorption results in optical colors. By applying an electric
voltage of -50V, a dramatic change in permittivity and refractive index of n-InSb is

observed in the visible range as shown in Figure 5.4. This change is maximum at the

boundary between n-InSb and TiO2, as expected, due to the maximum induced carrier
density in this region (see Figure 5.2).

Figure 5.4 Variation of (a) permittivity and (b) refractive index inside the n-InSb
layer at the absorber resonance wavelength of 665 nm due to the application of a bias
voltage.
5.4 Simulation Results
In the absorber structure shown in Figure 5.1, the bottom silver film is optically

thick with no transmission, so that the optical absorption in the structure is A = 1 – R,

where R is the optical reflectivity of the structure. The optical reflectivity R can be

calculated using the transfer matrix method [7]
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𝑀𝑀

2

𝑅𝑅 = |𝑟𝑟|2 = �𝑀𝑀21 � ,
11

(5.4)

where M11 and M21 are the elements of matrix M,
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(5.5)
(5.6)
(5.7)
(5.8)

In the equations above, i = 0, 1, 2, 3, 4 represents air, the top Ag layer, n-InSb, TiO2,

and the bottom Ag layer, respectively. θi is the incident angle in the medium i, and ni'

and ni" are the real and imaginary parts of the complex refractive index ni of medium
i. The refractive index of n-InSb is calculated from the Drude model and the refractive

indices of Ag and TiO2 are taken from Palik [53]. Since the refractive index of n-InSb
varies with the depth of the film (see Figure 5.4(b)), the n-InSb layer (10 nm and 20

nm) is divided into 1 nm-thick sublayers with an approximately constant refractive

index for each sublayer in the transfer matrix calculations. 𝜑𝜑i is the propagation phase

delay of the optical wave in medium i. In Equation (5.6), d1 is the thickness of the top

Ag layer (35 nm), d2 is the thickness of the n-InSb layer (10 nm and 20 nm), and d3 is

the thickness of the TiO2 layer (40 nm). Using the transfer matrix method, the

reflectivity of the structure is calculated and shown in Figure 5.5. The thickness of n-

InSb in Figure 5.5(a) is 10 nm and 20 nm in Figure 5.5(b). As a result, at 0 V, the
resonance wavelengths of the absorbers with 10 nm and 20 nm thick n-InSb layers
are 560 nm and 665 nm, respectively. These devices reflect different colors as
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illustrated in Figures 5a and 5b. Complete light absorption is seen in these devices at

their resonance wavelengths. The fundamental perfect light absorption wavelength

can be easily adjusted in the visible and infrared ranges by changing the thickness of
the InSb layer.

With the application of a negative voltage of -50 V to the structure, a spectral shift

of 20 nm is observed for the device with a 10 nm n-InSb layer (see Figure 5.5(a)), and

a 40 nm spectral shift is seen for the device with a 20 nm thick n-InSb layer, as shown

in Figure 5.5(b). Consequently, the reflected colors of both devices are expected to
change with applied voltage. By increasing the thickness of the n-InSb layer, the
absorption wavelength shifts toward longer wavelengths, but doing so also provides
a larger modulation (40 nm shift for a 20 nm InSb device vs. 20 nm shift for a 10 nm

InSb device; both with the application of the same -50 V bias) due to the creation of a
larger accumulation region inside the InSb layer. The device with a 20 nm InSb layer
has a shift twice that of the device with a 10 nm InSb because, for the same -50 V, the

number of electron charges injected into the 20 nm InSb layer is twice that of the 10
nm InSb layer, simply due to its doubled thickness (twice as many electrons
available). Therefore, the accumulation region in the 20 nm device is double that of

the 10 nm InSb device (see Figure 5.2). A larger accumulation region allows a greater
modulation of the permittivity and refractive index of n-InSb, which results in a larger

shift in the absorption spectrum as shown in Figure 5.5(b). The 20 nm InSb device is
near the optimum design for modulation in the visible spectrum, which is our region
of interest for color filter applications. Further increasing the thickness of InSb would
shift the absorption wavelength toward the infrared.
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Figure 5.5 Calculated reflectance of two tunable perfect light absorbers with n-InSb
thicknesses of (a) 10 nm, and (b) 20 nm. The thicknesses of top Ag, TiO2, and bottom
Ag are 35 nm, 40 nm, and 100 nm, respectively. The reflectivity is calculated at normal
incident angle. The subfigures illustrate the predicted colors of the devices under 0 V
and -50 V.
In Figure 5.6 it is also shown that for -50 V, if the InSb thickness is increased to

more than 20 nm, the accumulation region does not increase significantly, indicating
that 20 nm InSb is near the optimum design, and showing that we cannot continue to

double the thickness and expect a further doubling of the modulation. The limit of our
architecture is determined by the breakdown voltage, which is -60 V. Larger
accumulation regions can be achieved if we increase the thickness of the bottom TiO2

layer to increase the breakdown voltage, however the absorption wavelength will
also shift to the infrared, as will be shown later. These results are promising and may

lead to fabricating devices operating in real-time that can manipulate light absorption
with a corresponding reflected color change.
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Figure 5.6 Variation of carrier density (with a -50 V bias) inside the InSb layer for
three devices with InSb thicknesses of 10 nm, 20 nm, and 40 nm.
5.5 Optical Modulators
An electrically tunable perfect light absorber could also be used for

telecommunications switching applications. By adjusting the thickness of the
absorber structure in Figure 5.1 to 18 nm for the top Ag layer, 40 nm for the n-InSb

layer, 215 nm for the TiO2 layer, and 100 nm for the bottom Ag layer, the peak
absorption wavelength at -50 V will be near the telecommunication wavelength of
1550 nm in the infrared regime. At this wavelength, the reflectivity of the structure is

R = 0.01% and the absorption is complete (A = 99.99%). By reducing the voltage to 0
V, the peak absorption wavelength shifts toward the red, and the reflectivity from the
structure increases to R = 95.3%, where the absorption is only A = 4.69% as shown in

Figure 5.7. By reducing the voltage from -50 V to 0 V, the perfect absorption

wavelength moves from 1550 nm to 1710 nm, a 160 nm spectral shift. The absolute
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reflectance change of this structure is 95.3% which is much higher than other

modulators recently reported with only 15% [110] reflectance change. In addition,
the normalized modulation at the wavelength of 1550 nm is ΔR = R (-50V)/R (0V) =
9531% which is significantly higher than the 35% [110] reported in the literature.

Figure 5.7 Calculated reflectivity of the tunable perfect light absorber composed of
Ag/n-InSb/TiO2/Ag multilayer structure with corresponding thicknesses of 18
nm/40 nm/215 nm/100 nm, when it is unbiased (black) and biased (red) with -50V.
5.6 Summary
In this chapter, an investigation into electro-optically tunable perfect light

absorbers based on epsilon-near-zero materials is presented. The absorber structure

comprises unpatterned thin-film metal and semiconductor materials, forming a
Fabry-Perot cavity that functions as a wavelength-selective light absorber. By

properly choosing the cavity thickness, the absorption wavelengths can fall in the
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visible range, and thus the reflected color of the device can be changed with applied
voltage. n-InSb was chosen as the ENZ material for this investigation because of its
electro-optic characteristics. By applying a negative voltage, the carrier density of nInSb is increased and an accumulation region is created inside the n-InSb layer. This
yields a dramatic change in the optical properties of the material, from a

semiconductor-like behavior to a metal-like behavior in the accumulation region. A
40 nm spectral shift in the visible range with the application of -50 V to the structure

is predicted, which would result in a broad spectral change in the color reflected by
the device. The absorption wavelength can also be engineered to the 1550 nm

telecommunication wavelength by adjusting the cavity layer thickness. At this
wavelength, with the application of -50 V, a high modulation ratio (with a 95.3%
change in reflectance) for the structure is predicted.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
In this research, four different but closely related topics have been experimentally

investigated, with results modeled, in order to demonstrate and explain perfect light

absorption in thin films. The first topic included the development of devices having
sputtered single layer silicon thin films (with a thickness from 10 nm to 200 nm)

deposited on aluminum. Fabricated devices exhibited different colors depending on
the silicon film thickness. Perfect light absorption was seen to occur in devices with
silicon film thicknesses from 110 nm to 140 nm. Within this range, the incident light

is critically coupled into the first order optical resonance mode of the Si-Al

nanocavity. The perfect light absorption observed in silicon-on-aluminum structures

was found to be wavelength selective in the visible range. The effect of thermal

annealing was also investigated for fabricated devices. Silicon films deposited using
sputtering systems are amorphous. Applying thermal annealing at 600°C for 10
minutes causes amorphous silicon films to become polycrystalline. The optical
properties of silicon are known to vary when its atomic configuration changes from

amorphous to polycrystalline. This change in the optical properties of silicon films
causes a shift of the absorption wavelength toward the blue and a shift (of 70 nm) in

the absorption spectra was observed for devices after annealing, resulting in a color

change. In addition, the measurements revealed that these perfect light absorbers are
109

substantially omnidirectional and insensitive to the angle of incidence up to ± 60°.

Thus, the observed colors of the devices do not change when viewed at different
angles. These spectrally selective perfect light absorbers may pave the way toward

applications in diverse fields such as thin film color filters, photodetectors, solar cells,

and colorimetric biochemical sensors. The results of this project have been published
in Optics Express, vol. 22, no. 25, pp. 31545-31554 (Dec. 2014).

The objective of the second topic of this research was to shrink the overall

thickness of the perfect light absorbers developed. The proposed structure employed
a nano-cavity comprised of this silicon film sandwiched between two aluminum

mirrors. The top aluminum mirror is semi-transparent with a percolation thickness

of only 7 nm to allow ambient light into the cavity to be absorbed. The ultra-thin

percolation aluminum film and silicon layer deposited on the metal surface forms an
asymmetric Fabry-Perot nano-cavity. At the zeroth order resonance mode of the

cavity, where the total round-trip phase delay is zero, the incident light is critically

coupled into the nano-cavity, resulting in perfect light absorption at the resonance

wavelength. Perfect light absorption was predicted to occur in the visible and nearIR spectral range. Using high-index silicon films and percolation aluminum films,

functional devices were fabricated and evaluated. The cavity thickness was

eventually reduced by a factor of 18 at the perfect absorption wavelength, resulting
in devices about four times thinner than previously reported in thin-film light

absorbers. The energy density absorbed in the nanostructure was investigated using
simulations in MATLAB and Lumerical FDTD, and it was found that most of the energy

is absorbed in the top aluminum layer, not in the silicon film. Results of this
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investigation have been published in Optical Materials Express, vol. 6, no. 4, pp. 10321042 (Mar. 2016).

The third topic involved an investigation into the effect the bottom metal layer has

on the absorption wavelength for silicon-on-metal structures. Through experiments
and simulations, enhanced light absorption was observed in nanocavities made of

ultra-thin silicon films on different metal surfaces. It was found that in addition to the
silicon film thickness, the peak absorption wavelength can be controlled by varying
the metal substrate. Perfect light absorption in the visible spectral range was

observed in subwavelength thick silicon films deposited on titanium and chromium

surfaces. A further reduction of the absorber thickness, as much as 1/27 of the perfect
absorption wavelength, was achieved in nanocavities comprising a single layer silicon
film with a thickness of 20 nm deposited on a titanium surface. It was found that

perfect light absorption occurs in the zeroth order resonance mode of the nanocavity
where the total round-trip phase delay is zero. These perfect light absorbers were

observed to be substantially omnidirectional and insensitive to a change in the angle

of incidence. This work provides a new pathway for generating optical colors with
fixed silicon film thicknesses but different metal substrates. The results of this
investigation were published in IEEE Photonics, vol. 8, no. 5, p. 6804912, (Oct. 2016).

In the final topic of this investigation, an electro-optically tunable perfect light

absorber was investigated based on epsilon-near-zero (ENZ) materials. The absorber

structure comprises an ENZ material as a cavity medium surrounded by metal layers.
The structure forms a Fabry-Perot cavity that functions as a wavelength-selective

light absorber. By properly choosing the cavity thickness, the absorption wavelengths
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can fall in the visible range, and with an applied voltage the reflected color of the

device can be controlled dynamically. In this work, n-InSb was chosen as the ENZ

material because of its low carrier effective mass and attractive electro-optic
characteristics. By applying a negative voltage, the carrier density of n-InSb is
increased, creating an accumulation region inside the n-InSb layer. This results in a

dramatic change in optical properties, from a semiconductor-like behavior to a metal-

like behavior. With the application of -50 V to the structure, a 40 nm spectral shift is
predicted in the visible range, which results in a change in the color reflected by the

device. Also, the absorption wavelength can be adjusted to the telecommunication
wavelength of 1550 nm by changing the cavity layer thickness. At this wavelength,

with the application of -50 V, a high modulation ratio is predicted, which changes the

device from a perfect light absorber to a highly reflective mirror. The results of this

investigation were published in Nature, Scientific Reports, vol. 8, no. 1, p. 2635 (Feb.
2018).

Future work should include fabrication and evaluation of these electrically

tunable color filters for the visible range and the development of high-speed optical

modulators and switches for the telecommunication wavelength.
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APPENDIX
PATENTS, PUBLICATIONS, AND PRESENTATIONS RESULTING
FROM THIS RESEARCH
Patents
1. S. S. Mirshafieyan and D. A. Gregory, "Electrically tunable color filters and
modulators,” Feb. 2018 (pending).

2. S. S. Mirshafieyan and J. Guo, "Silicon film optical color filters and methods of
fabrication,” US Patent Application No. 14885843, Oct. 16, 2015 (pending).
Journal Papers
3. S. S. Mirshafieyan and D. A. Gregory, "Electrically tunable perfect light absorbers
as color filters and modulators," Scientific Reports 8(1), 2635 (Feb. 2018).

4. S. S. Mirshafieyan, H. Guo, and J. Guo, "Zeroth order Fabry-Perot resonance

enabled strong light absorption in ultra-thin silicon films on different metals and its
application for color filters," IEEE Photonics 8(5), 6804912 (Oct. 2016).

5. S. S. Mirshafieyan, T. S. Luk, and J. Guo, "Zeroth order Fabry-Perot resonance

enabled ultra-thin perfect light absorber using aluminum and silicon nanofilms,"
Optical Materials Express 6(4), 1032-1042 (Mar. 2016).
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6. S. S. Mirshafieyan and J. Guo, "Silicon colors: spectral selective perfect light

absorption in single layer silicon films on aluminum surface and its thermal
tunability," Optics Express 22(25), 31545-31554 (Dec. 2014).

Conference Papers and Presentations
7. S. S. Mirshafieyan, T. S. Luk, and J. Guo, "Perfect light absorption in ultra-thin
silicon optical nanocavity and its application for color filters," Frontiers in Optics,
Rochester, NY, Oct. 2016.

8. S. S. Mirshafieyan and J. Guo, "Perfect light absorption in ultrathin optical

nanocavity and its application for color filters," Progress in Electromagnetic Research
Symposium (PIERS) conference in Shanghai, China, Aug. 2016.

9. S. S. Mirshafieyan and J. Guo, "Spectral selective perfect light absorption in ultra-

thin silicon films on aluminum for color filters," SPIE Photonics West conference in

San Francisco, CA, Feb. 2016.

10. S. S. Mirshafieyan and J. Guo, "Color filters and perfect light absorption in

ultrathin silicon nanocavity," Science & Technology Open House, Montgomery, AL,
Feb. 2016.

11. O. Alzain, S. S. Mirshafieyan and J. Guo, "Thin film narrow band perfect light

absorber," Science & Technology Open House, Montgomery, AL, Feb. 2016.

12. S. S. Mirshafieyan and J. Guo, "Perfect light absorption in ultrathin silicon films

and silicon colors," The 7th International Conference on Information Optics and
Photonics (CIOP) in Nanjing, China, Jul. 2015.
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13. S. S. Mirshafieyan and J. Guo, "Perfect light absorption in ultra-thin silicon films
on aluminum and optical color filters," Progress in Electromagnetic Research
Symposium (PIERS) conference in Prague, Czech Republic, Jul. 2015.

14. S. S. Mirshafieyan and J. Guo, "Perfect light absorption in ultra-thin silicon films

for optical color filters," Science & Technology Open House, Montgomery, AL, Jan.
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aluminum and its color effect," Science & Technology Open House, Montgomery, AL,
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